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Mechanism of Nucleosome Sliding by the Human Chromatin 

Remodeling Enzyme SNF2h 

 

By John D. Leonard 

 

ABSTRACT 

Chromatin remodelers are molecular motors that reposition and restructure nucleosomes to 

regulate gene expression and genome organization. The human ATP-dependent chromatin 

assembly factor (ACF) is a dimeric chromatin remodeler that evenly spaces nucleosomes to 

promote the formation of silent heterochromatin. Two copies of its ATPase subunit, SNF2h, bind 

opposite sides of a nucleosome, but how the two protomers work together remains poorly 

understood.  

 

Central to the nucleosome spacing activity of ACF is the ability of SNF2h to equalize the length 

of DNA flanking either side of a nucleosome. SNF2h senses flanking DNA length via its 

conserved HAND-SANT-SLIDE (HSS) domain, yet it is unclear 1) how this interaction 

contributes to remodeling, and 2) whether or how the HSS communicates with the ATPase 

domain.  

 

In this work, we address these questions with a combination of biochemical, biophysical and 

protein engineering methods. Using covalently connected SNF2h dimers we show that 

dimerization accelerates remodeling and that the HSS contributes to communication between 

protomers in trans. Moreover, we find that the state of the ATPase domain influences the 

function of the HSS domain within the same protomer in cis. Using thermodynamic analyses 
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and new FRET-based assays, we further examine how nucleotide state regulates interactions 

between the HSS domain and the nucleosome. We identify a large, nucleotide-dependent 

conformational change in SNF2h: in one conformation the HSS binds flanking DNA, and in 

another conformation the HSS retracts to engage the nucleosome core. Finally, we examine the 

role of a recently identified regulatory motif, termed NegC, in nucleosome remodeling by 

SNF2h. We find that mutating NegC impairs flanking DNA length sensing, abolishes 

mononucleosome centering, and reduces the dependence of SNF2h activity on the histone H4 

tail. 

 

Based on these new results and previously published work, we propose a model in which DNA 

length sensing and translocation are performed by two distinct conformational states of SNF2h. 

We speculate that the ATP-dependent switch between DNA length-sensing and translocation-

competent forms of the enzyme represents a rate-limiting regulatory step that enables 

nucleosome spacing by ACF. Such separation of function suggests that these two activities 

could be independently regulated to fine-tune remodeling outcomes.   
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Chromatin 

DNA in the eukaryotic nucleus is packaged by a dynamic and complex assembly of proteins, 

referred to collectively as chromatin. Chromatin structure and composition can influence 

transcription, DNA replication and repair, and mRNA splicing. Broadly speaking, there exist two 

functionally and structurally distinct classes of chromatin: euchromatin and heterochromatin. 

Genes residing in euchromatin are typically transcriptionally active or rapidly inducible. By 

contrast, heterochromatic genes are largely transcriptionally repressed. In multicellular 

eukaryotes, the selective partitioning of genes into euchromatin and heterochromatin is critical 

for cell- and tissue-specific gene expression patterns, which enable cellular differentiation.  

 

The fundamental unit of DNA packaging in chromatin is the nucleosome1,2, a particle consisting 

of two copies each of four histone proteins (H2A, H2B, H3, H4) wrapped by ~147 bp of of DNA3. 

The DNA-wrapped portion of the histone proteins forms a globular core, while histone N- and C-

termini form flexible “tails” that protrude from this core structure. Favorable interactions between 

nucleosomes enable folding of chromatin into higher order structures4, and the specific 

architecture of these structures is thought to influence transcription. Moreover, post-translational 

modifications to both the globular and tail regions can affect gene expression by altering both 

chromatin folding5 and the association of other protein complexes6. 

 

Chromatin remodelers mobilize nucleosomes 

As much as 75-90% of the eukaryotic genome is wrapped into nucleosomes7. However, the 

structure of the nucleosome prevents binding of many gene regulatory factors to the underlying 

DNA sequence. To overcome this impediment, cells must employ active mechanisms to 

mobilize nucleosomes and maintain a fluid chromatin landscape8.  
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Chromatin remodelers are ATP-dependent motor complexes that alter the composition and 

positioning of nucleosomes8. Eukaryotes from yeast to humans contain several families of 

remodelers that differ in their subunit number and composition, biochemical activities, and 

biological functions8. All chromatin remodeling complexes contain a catalytic, ATPase subunit, 

and most contain one or more accessory subunits8. Remodelers reposition nucleosomes by 

coupling ATP hydrolysis to the translocation of DNA across the histone octamer8-10. 

Presumably, this process entails breaking and re-forming the numerous contacts between 

histones and the DNA, however the mechanisms by which remodelers accomplish this remain 

poorly understood.  

 

Perhaps some of the best-studied remodelers are the SWI/SNF and ISWI families, archetypal 

chromatin remodeler classes with opposing biochemical activities. SWI/SNF remodelers are 

large, multi-protein complexes that disrupt chromatin structure and promote nucleosome 

disassembly11-14. Conversely, ISWI remodelers are smaller complexes that establish regular 

spacing between nucleosomes15-18. Both classes of remodelers contribute to transcriptional 

regulation, and members of the ISWI family also promote chromatin assembly and maintenance 

of heterochromatin8.  

 

In the context of a mononucleosome model substrate, SWI/SNF remodelers push nucleosomes 

to the end of a short piece of DNA and eventually evict the histone octamer11-14,19, whereas ISWI 

complexes move mononucleosomes to the center15,18,20,21. The distinct biochemical character of 

these remodeler classes is dictated by their catalytic subunits8,20,22. Indeed, swapping the 

ATPase domains of Brg1 (a SWI/SNF catalytic subunit) and SNF2h an (ISWI catalytic subunit) 

is sufficient to switch their remodeling outcomes23. ISWI catalytic subunits contain an ATPase 

domain that is evolutionarily related to that of helicases9 and whose activity is stimulated by 

DNA or nucleosomes18,24. Both SWI/SNF and ISWI ATPases possess ATP-dependent DNA 
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translocase activity25,26, and they move nucleosomes by translocating nucleosomal DNA from 

an internal location on the nucleosome core27,28. Given these similarities, it is unclear why 

SWI/SNF and ISWI remodelers generate distinct nucleosome products. This limited 

understanding is due, at least in part, to a dearth of mechanistic information about the chromatin 

remodeling reaction each enzyme catalyzes. 

 

Mechanism of ISWI remodelers  

ISWI chromatin remodeling complexes space nucleosomes by responding to the length of DNA 

flanking either side of a nucleosome and moving the nucleosome preferentially toward the 

longer flanking DNA29-31. Increasing the length of flanking DNA stimulates ATP hydrolysis and 

nucleosome remodeling by ISWI motors29,32-34. The conserved HAND-SANT-SLIDE (HSS) 

domain has been identified as the region of the ISWI catalytic subunit responsible for binding 

flanking DNA28,35,36. This domain is thought to be the physical basis for the DNA length 

sensitivity of ISWI remodelers, as the length of this domain in x-ray crystal structures35,37 and its 

footprint on extranucleosomal DNA38,39 match the lengths of flanking DNA that stimulate ISWI 

activity29,30,33. A similar HAND-SANT domain is present in Chd1 remodelers40, which also space 

nucleosomes41, and this domain is absent from SWI/SNF remodelers8.  Deleting the HSS 

domain from ISWI and Chd1 enzymes compromises their ability to slide nucleosomes42-44. 

Interestingly, replacing the yeast Chd1 SANT-SLIDE with an artificial tether to histones 

generates nucleosomal products more similar to those generated by SWI/SNF enzymes45. 

 

Despite its demonstrated role in binding flanking DNA, precisely how the HSS domain 

contributes to nucleosome remodeling by ISWI and Chd1 remodelers has remained elusive. 

Recent studies demonstrated that ISWI and related Chd1 remodelers do not require rigid 

mechanical coupling between the flanking DNA binding domain and the ATPase domain in 

order to efficiently move nucleosomes46,47. Instead, the authors suggest that binding of the HSS 
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to flanking DNA enhances enzymatic activity by productively anchoring the ATPase domain. In 

contrast, others have proposed that HSS binding to flanking DNA more directly activates the 

ATPase by relieving inhibition from an autoregulatory motif26. Thus, the precise role of the HSS 

domain in remodeling and whether or how it communicates with the ATPase domain are 

unclear. 

 

ISWI remodelers rely on a patch of basic residues in the N-terminal tail of histone H4 for 

maximal activity, as deleting or mutating these residues impairs ATP hydrolysis and 

nucleosome sliding48,49. This may be of biological relevance, as the H4 tails are thought to be 

occluded in folded chromatin structures50, and acetylation of H4 basic patch residues may 

reduce ISWI activity51. 

 

The activity of the ISWI ATPase domain is also modulated by auto-regulatory motifs in the rest 

of the ISWI protein. For example, mutation of two basic residues in the N-terminal region of 

Drosophila ISWI increases ATP hydrolysis and remodeling activities, and may reduce the 

dependence of these activities on the H4 tail26. The same study found that a region between the 

ATPase and HSS domains, deemed NegC, plays a role in coupling ATP hydrolysis to DNA 

translocation. Deleting the HSS domain dramatically impaired translocation without much 

change to ATP hydrolysis, and subsequent deletion of the NegC region rescued this 

translocation defect. More recently, it has been shown that replacing NegC with a short linker in 

the context of a human ISWI ATPase diminishes its sensitivity to flanking DNA length52. 

 

Human ACF is a dimeric ISWI remodeler 

ACF is an ISWI-family remodeler that generates evenly spaced arrays of nucleosomes in vitro15 

and contributes to the maintenance of heterochromatin in vivo53-55. Human ACF consists of the 

catalytic subunit SNF2h and the accessory subunit Acf116. SNF2h alone qualitatively 
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recapitulates the major features of the ACF complex, and Acf1 quantitatively enhances this 

activity29,33. Both SNF2h and the ACF complex function as dimers, with two copies of each 

motor/complex binding to opposite sides of a single nucleosome56. Dimerization provides a rate 

benefit to remodeling56, and may increase the processivity of ACF57. This dimeric architecture is 

thought to be responsible for the ability of ACF to slide nucleosomes bi-directionally for 

hundreds of base pairs without dissociating57. However, to date, the functional benefits of 

dimerization have not been systematically quantified. Furthermore, it remains unclear how two 

motors bound to the same nucleosome coordinate their activities to avoid a futile tug-of-war. 

 

Single molecule FRET studies of ACF and other ISWI remodelers have revealed that these 

motors remodel nucleosomes in two observable phases: 1) a slow, ATP-dependent “pause” 

phase in which nucleosomal DNA does not move, as detected by FRET; followed by 2) a fast, 

ATP-dependent translocation phase in which the DNA is repositioned in several 1bp 

increments52,57,58. A recent study of human ACF demonstrated that the duration of the pause 

phase is sensitive to flanking DNA length but the translocation phase is not52, indicating that 

flanking DNA length sensing and translocation occur at different times during remodeling. 

Moreover, the observation that the duration of both phases is dependent on ATP concentration 

suggests that ATP is utilized differently in each stage of the reaction. These observations 

demonstrate that the nucleosome sliding reaction catalyzed by ACF is complex, and they raise 

several mechanistic questions:  

A) What changes to the enzyme and/or nucleosome occur during the pause phase? Similarly, 

how does flanking DNA length sensing regulate these step(s)? Since the pause phase is rate 

limiting, these events are likely to be of central importance to understanding the overall 

remodeling mechanism.  

B) What role does ATP binding/hydrolysis play in the pause phase, during which no DNA 

movement is observed?  
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C) Why is the translocation phase of the reaction insensitive to flanking DNA length?  

 

Understanding the mechanism by which SNF2h remodels nucleosomes will likely require a 

more detailed picture of how it engages its substrate, the nucleosome, throughout its catalytic 

cycle. Recent work from the Narlikar lab demonstrated, by several experimental methods, that 

nucleotide state regulates interactions between SNF2h or ACF and the nucleosome56. Hydroxyl 

radical footprinting indicated that ACF engages nucleosomal DNA asymmetrically in the 

absence of nucleotide (apo state), protecting superhelical location 2 (SHL2) only on the side of 

the nucleosome nearest to the flanking DNA. However, upon addition of the ATP analogue 

ADP-BeFx, ACF engages SHL2 on both sides. Similarly, SNF2h immobilizes just one H4 tail per 

nucleosome in the apo state, and immobilizes both tails in the ADP-BeFx state. Finally, 

nucleotide state (apo, ADP, ADP-BeFx) alters the binding affinity of SNF2h for nucleosomes 

with a single flanking DNA. These results suggest that SNF2h engages nucleosomes differently 

throughout its catalytic cycle. However, the details of these different modes of engagement and 

how they contribute to the complex nucleosome sliding reaction discussed above are unknown. 

 

The work presented in the following chapters addresses the following questions, which are 

central to understanding the mechanism of nucleosome repositioning by the human ISWI 

ATPase SNF2h: 

1) How do two SNF2h protomers bound to the same nucleosome cooperate, rather than 

compete? 

2) How does SNF2h engage nucleosomes in different nucleotide states? 

3) How does flanking DNA binding by the HSS domain regulate SNF2h activity and 

enable flanking DNA length sensing and nucleosome centering/spacing? 

To address these questions we applied a variety of biochemical and biophysical approaches, 

including solution binding assays, protein ligation strategies, new FRET-based assays, 
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enzymology, and electron paramagnetic resonance (EPR) spectroscopy. The findings 

presented below represent a unique and substantial contribution to the field. At the time of 

preparing this dissertation, a manuscript containing portions of Chapters 2, 3 and 4 was under 

review for publication at Molecular Cell. 
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Chapter 2 
 

Artificial dimerization reveals cooperation between 

SNF2h protomers 
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Covalent linkage of SNF2h proteins reveals that dimerization enhances remodeling 

Previous work from the Narlikar lab revealed positive cooperativity in the concentration 

dependence of SNF2h nucleosome remodeling activity 56, indicating that dimerization enables 

SNF2h to remodel nucleosomes more effectively. However, because SNF2h exists 

predominantly as a monomer in the absence of nucleosomes and only dimerizes in the 

presence of its substrate56 (and data not shown), a quantitative comparison of the dimeric and 

monomeric forms of SNF2h has been technically challenging. To overcome this challenge we 

engineered constitutive, covalently linked SNF2h dimers using a protein ligation method termed 

SpyCatcher59 (Figure 1). A detailed description of this method can be found in Appendix B. The 

resulting covalent fusion, hereafter called SNF2h [wt]-[wt], consisted of two full-length SNF2h 

proteins connected at their C-termini by a 57 amino acid flexible linker and the 14kDa 

SpyCatcher domain (Figures 1B-1E).  

 

SNF2h moves mononucleosomes containing 60 bp or less of flanking DNA toward the center29 

(Figure 2A). Like wild type SNF2h, the constitutively dimeric SNF2h [wt]-[wt] also centered 

mononucleosomes with 60 bp of flanking DNA (0/60) in a native gel mobility shift assay 

(Figure 2A). Using a FRET-based assay29,60 we compared their maximal rates of nucleosome 

sliding (Figure 2B), and found that SNF2h [wt]-[wt] remodeled slightly (1.5-fold) faster than wild 

type SNF2h. Moreover, at least 40-fold lower concentrations of SNF2h [wt]-[wt] relative to wild 

type SNF2h were required to achieve half maximal remodeling, consistent with SNF2h [wt]-[wt] 

engaging nucleosomes as a single, dimeric copy (Figures 2C). Notably, under these conditions 

(enzyme saturating and in excess over nucleosomes), wild type SNF2h engages nucleosomes 

predominantly as a dimer56, and so the modest rate enhancement of SNF2h [wt]-[wt] likely 

reflects some added benefit of covalently linking the two protomers.  
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To obtain a quantitative estimate of the benefit of dimerization, we sought to compare the 

remodeling activities of SNF2h [wt]-[wt] and wild type SNF2h under conditions that would favor 

dissociation of the latter into monomers. We reasoned that a large excess of nucleosomes over 

enzyme should increase the likelihood of complexes containing a single copy of wild type 

SNF2h. Covalently dimerized SNF2h [wt]-[wt], by contrast, should be less susceptible to this 

type of disruption due to the high effective concentration of the connected proteins. We 

therefore measured initial rates of nucleosome remodeling with nucleosomes saturating and in 

excess of enzyme (>15-fold). Under these conditions, the constitutively dimeric SNF2h [wt]-[wt] 

moves nucleosomes 4.5-fold more rapidly than an equivalent active site concentration of wild 

type SNF2h (Figure 2E). This comparison provides a conservative estimate of the difference 

between wild type and SNF2h [wt]-[wt]. Indeed, if wild type SNF2h were entirely monomeric 

under these conditions, then there would be twice as much wild type SNF2h-nucleosome 

complex (40 nM) as covalent dimer complex (20 nM), and the difference between monomer and 

dimer would in fact be 9-fold.  

 

Thus, wild type SNF2h remodels at a similar rate to SNF2h [wt]-[wt] under dimer-favoring 

conditions (1.5-fold more slowly; Figure 2B) but remodels significantly more slowly under 

monomer-favoring conditions (≥4.5-fold more slowly; Figure 2E).  

 

The HSS domain plays a role in coordination between SNF2h protomers 

The covalently connected SNF2h dimers also provided an opportunity to investigate how two 

protomers cooperate to remodel a single nucleosome. We reasoned that there are two broad 

classes of models for dimer action (Figure 3): in Model 1, both SNF2h protomers actively 

engage the nucleosome, with each protomer making an obligate contribution to nucleosome 

sliding. In Model 2, only one protomer actively engages the nucleosome at a time. One 

protomer can perform all the necessary actions to slide the nucleosome, and the two protomers 
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thus take turns moving the nucleosome back and forth. These models make different 

predictions for what should happen if the activity of one protomer within a SNF2h dimer is 

compromised (Figure 3, red X). In Model 1, since two active motors are required for proper 

nucleosome movement, impairing one motor should compromise remodeling. By contrast, in 

Model 2 just one motor is required to perform the basic remodeling reaction. Impairing one 

motor in the dimer would therefore be expected to have little or no effect on the observed rate of 

remodeling. In order to distinguish between these models, we introduced perturbations into one 

protomer in a SNF2h dimer and examined the effects on remodeling activity. 

 

The HSS domain has been implicated in flanking DNA length sensing by ISWI enzymes, and 

thus in their ability to center mononucleosomes28,36. However, we found that deleting the HSS 

domain from one protomer of a SNF2h dimer ([ΔHSS]-[wt]; Figure 4A) had little or no effect on 

its ability to center nucleosomes (Figure 4C) or on its maximal rate of remodeling (Figure 4D).  

 

We next tested whether compromising the function of the ATPase domain of one protomer 

affects remodeling. We introduced an active site mutation (E309A) in one protomer of the 

constitutive SNF2h dimer ([wt]-[WB]; Figure 4A). This mutation in the conserved Walker B 

ATPase motif (WB) decreases the rate of ATP hydrolysis61 and dramatically slows remodeling in 

the context of wild type SNF2h (Figure 4B). SNF2h [wt]-[WB] still moves mononucleosomes to 

the center (Figure 4C). However, in contrast to the HSS deletion, [wt]-[WB] dimers moved 

nucleosomes ~5-fold more slowly than [wt]-[wt] (Figure 4D). We reasoned that this result could 

arise from either of two distinct scenarios. One possibility is that efficient remodeling requires 

the action of two ATPases (Figure 3, Model 1), and so impairing one ATPase slows remodeling. 

In this case, additional mutations to the WB protomer should have little influence on remodeling, 

as this protomer is already dramatically impaired. Alternatively, it may be that only one ATPase 

is required for efficient nucleosome sliding (Figure 3, Model 2) but the WB protomer exerts a 
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dominant negative effect on the wild type protomer. In this scenario, it may be possible, through 

additional mutations to the WB protomer, to exacerbate or relieve this inhibitory effect. 

 

To distinguish between these two possibilities, we examined the effects of combining the HSS 

domain deletion and the WB catalytic mutation on the same protomer in cis ([WB/ΔHSS]-[wt]; 

Figure 4A). Dimers containing this double mutation in cis still produced centered 

mononucleosome products (Figure 4C). Unexpectedly, however, compared to the [wt]-[WB] 

single mutant, the double mutant [WB/ΔHSS]-[wt] remodeled nucleosomes 5-fold faster, with a 

maximal rate comparable to [wt]-[wt] (Figure 4D). This indicates that deletion of the HSS domain 

in cis rescues the inhibitory effect of the WB mutation in a SNF2h dimer. Moreover, the above 

results also demonstrate that deleting the HSS domain has different effects on remodeling rate 

depending on whether it is done in the context of a wild type protomer ([ΔHSS]-[wt], no effect) or 

a catalytically impaired protomer ([WB/ΔHSS]-[wt], 5-fold increase; Figure 4D). 

 

Finally, we also examined the effects of combining the HSS domain deletion and WB mutation 

on different protomers in trans ([ΔHSS]-[WB]; Figure 4A). Nucleosome sliding by [ΔHSS]-[WB] 

was so drastically impaired that it was not possible to determine whether it moved nucleosomes 

to the center of the DNA (Figure 4C). The rate of remodeling by [ΔHSS]-[WB] was too slow to be 

measured by the FRET-based assay (data not shown). However, based on gel remodeling, we 

estimate that it moves nucleosomes >>100-fold more slowly than [wt]-[wt] dimers and ~100-fold 

more slowly than [wt]-[WB] (Figure 4C, compare 50 min time point of [ΔHSS]-[WB] with 0.5 min 

time point of [wt]-[wt] or [wt]-[WB]).  
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The above results suggest the following:   

1) A single, wild type SNF2h protomer is sufficient for maximal nucleosome sliding activity 

(e.g. [WB/ΔHSS]-[wt]). This finding disfavors a model in which both SNF2h ATPases make an 

obligate contribution to the remodeling reaction (Figure 3, Model 1). Rather, it is consistent with 

a model in which the two motors take turns moving the nucleosome (Figure 3, Model 2).   

2) The role played by the HSS domain depends on the state of the ATPase domain in cis.   

3) This functional interaction between the ATPase and HSS domains in cis is important for 

proper coordination between SNF2h protomers in trans.  

 

CONCLUSION 

Cooperation and communication within SNF2h dimers 

SNF2h dimerizes on nucleosomes,56 yet how two motors bound to the same nucleosome 

coordinate their activities to avoid competition has remained unclear. There are two general 

classes of models for dimer action (Figure 3). In one model, the two motors cooperate, with 

each motor making an obligate contribution to nucleosome sliding. In a second model, the two 

motors take turns, with only one motor moving the nucleosome at a time. Here, we address the 

contributions of each motor to the remodeling reaction by engineering constitutive SNF2h 

dimers. We find that a single wild type motor is sufficient for maximal nucleosome remodeling 

(Figure 4D, [WB/ΔHSS]-[wt]). This is most consistent with a model in which one motor can 

perform the basic remodeling reaction, and the two motors in a dimer take turns moving the 

nucleosome back and forth (Figure 3, Model 2). In this model, binding interactions made by the 

non-translocating protomer could contribute to remodeling by increasing the time the 

translocating motor remains bound to the nucleosome, rather than by directly increasing the rate 

of nucleosome sliding. 
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We further find that the HSS domain plays a role in preventing competition between SNF2h 

protomers. A WB mutation in one protomer inhibits remodeling by the active protomer, but 

deleting the HSS domain from the WB motor relieves this inhibition. Intriguingly, we also find 

that the function of the HSS domain appears to depend on the state of the ATPase active site 

on the same protomer in cis. In Chapter 3 we investigate the relationship between the ATPase 

and HSS domains in greater depth. 

 

For additional discussion of these results, including how they inform a broader understanding of 

the mechanism of nucleosome remodeling by SNF2h, see the end of Chapter 3.  
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FIGURE LEGENDS 

Figure 1. SNF2h dimer design and purification. 

(A) Domain architecture of wild type SNF2h. 

(B) Schematic of SpyCatcher method for covalent SNF2h dimerization. 

(C-E) Gels from preparation and purification of [wt]-[wt] SNF2h dimers. 

(C) Affinity purification of SNF2h with C-terminal GGS linker and SpyTag or SpyCatcher. 

M = molecular weight marker (given in kDa); L = crude lysate; E = affinity resin elution. 

(D) Dimerization reaction. SNF2h with C-terminal linker and SpyTag (*) or SpyCatcher (**) were 

mixed in equimolar amounts and incubated at 4°C for the time indicated. The presence of dimer 

band in the ~ 0 hour time point reflects rapid dimer formation occurring during the 3-5 minutes 

between mixing the two protein components and preparing the sample for SDS PAGE. Same 

molecular weight marker as in (C). 

(E) Size exclusion chromatography (SEC) of SNF2h [wt]-[wt] dimer. L = SEC load; S = SEC 

elution peak fraction. Same molecular weight marker as in (C). 

Gels in (C-E) were stained with SimplyBlue SafeStain (Life Technologies) and imaged on an 

Alpha Imager (Protein Simple). 

 

Figure 2. Covalent dimers remodel nucleosomes faster than wild type SNF2h. 

(A) Gel shift nucleosome remodeling assay comparing wild type SNF2h to [wt]-[wt] dimer. 0/60 

nucleosomes (40 nM) were remodeled with the indicated concentrations of each enzyme and 

stopped at various time points. 

(B) FRET nucleosome remodeling assay comparing wild type SNF2h to [wt]-[wt] dimer. Left, 

schematic of the assay setup (green donor, red acceptor) and representative kinetic traces. 

Right, maximum rate constants (kmax) from remodeling 7.5 nM FRET-labeled 0/60 nucleosomes 

with saturating amounts of each enzyme (400 nM wild type; 20 nM [wt]-[wt]). Bars are mean ± 

s.e.m. from three replicates. 
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(C) Two possible models for the engagement of nucleosomes by [wt]-[wt] dimers (middle and 

right) as compared to wild type SNF2h (left). One possiblity (Model 1) is that a single copy of the 

dimer may bind, with both protomers productively engaging the nucleosome. In this scenario, 

because both of the connected protomers participate in binding interactions, the observed 

affinity for nucleosomes should be tighter than that of unconnected wild type SNF2h. In a 

second scenario (Model 2), two copies of the dimer engage each nucleosome, with only one 

protomer from each dimer unit making binding contacts. Because the two protomers that bind to 

the nucleosome are not connected to each other, the observed affinity for nucleosomes in this 

scenario should be comparable to that of wild type SNF2h. 

(D) FRET remodeling rate as a function of enzyme concentration. Varying concentrations of wild 

type SNF2h or [wt]-[wt] dimer were used to remodel 7.5 nM or 1 nM 0/60 nucleosomes, 

respectively. The observed rate constants (kfast) obtained from kinetic experiments at each 

concentration of enzyme are plotted as mean ± s.e.m. from three replicates. The concentration 

dependence of wild type SNF2h was fit to a cooperative Michaelis-Menten model, yielding the 

parameters K1/2 = 79 nM and Hill coefficient = 1.7. The affinity of [wt]-[wt] dimer was too tight to 

measure. However, as no further increase in rate was observed between 2-20 nM enzyme, we 

conclude that K1/2 < 2nM for [wt]-[wt]. The > 40-fold higher affinity for nucleosomes of [wt]-[wt] 

relative to wild type SNF2h disfavors Model 2 and is consistent with Model 1. 

(E) Gel shift nucleosome remodeling as in (A), but with excess, saturating nucleosomes. Left, 

gel of 0/60 nucleosomes (660 nM) remodeled by indicated concentrations of wild type SNF2h or 

[wt]-[wt]. Right, initial rate of appearance of centered product. Bars are mean ± s.e.m. from four 

replicates. 

 

Figure 3. Models for dimer coordination 

Schematic representation of two classes of models for dimer coordination. In Model 1, both 

SNF2h protomers actively contribute to nucleosome sliding. In Model 2, only one protomer 
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actively engages the nucleosome at a time, and the two protomer stake turns sliding the 

nucleosome. These models make different predictions for what should happen if one protomer 

within a SNF2h dimer is compromised (red X). In Model 1, since two active motors are required 

for proper nucleosome movement, impairing one motor should compromise remodeling. In 

Model 2, because only one motor is required to perform the basic remodeling reaction, 

Impairing a single motor in the dimer should have little or no effect on remodeling. 

 

Figure 4. Preventing competition between SNF2h protomers involves the coordinated 

action of the HSS and ATPase domains. 

(A) Schematic of SNF2h dimer variants. 

(B) FRET nucleosome remodeling assay with wild type SNF2h and SNF2h Walker B mutant 

E309A (WB). Reactions were performed under similar conditions to those detailed in Appendix 

B, except reactions were carried out at 30°C with 100nM enzyme. Left, representative kinetic 

traces reporting loss of acceptor fluorescence from FRET-labeled nucleosomes remodeled by 

wild type (gray) or WB (blue) SNF2h. Right, observed rate constants, reported as mean ± s.e.m. 

from three replicates. 

(C) Gel shift nucleosome remodeling comparing SNF2h dimer variants from (A). 0/60 

nucleosomes (40 nM) were remodeled with the indicated concentrations of each enzyme and 

stopped at various time points. [wt]-[wt] data is same as in Figure 2A, re-plotted for comparison 

(D) Comparison of maximal FRET remodeling rates of SNF2h dimer variants. 7.5 nM FRET-

labeled 0/60 nucleosomes were remodeled with saturating amounts of each enzyme: 20 nM 

[wt]-[wt]; 20 nM [wt]-[WB]; 160 nM [ΔHSS]-[wt]; 80 nM [WB/ΔHSS]-[wt]. [wt]-[wt] data is same as 

in Figure 2B, re-plotted for comparison. Bars and reported values are mean ± s.e.m. from three 

replicates. 
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Chapter 3 
 

A nucleotide-driven conformational change regulates flanking DNA  

length sensing 
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Nucleotide state regulates interactions between HSS domain and the nucleosome 

The ability of ISWI remodelers to generate evenly spaced chromatin is thought to rely on the 

ability of the HSS domain to “sense” flanking DNA length through direct binding 

interactions28,29,36. However, it remains unclear whether or how DNA binding by the HSS domain 

is coupled to the action of the ATPase domain26,36,43,46. Our observations with covalently 

connected SNF2h dimers (Chapter 2) suggested that the state of the ATPase active site may 

influence the HSS domain in cis to affect the remodeling reaction. We therefore wondered 

whether ATP binding and/or hydrolysis in the active site may regulate the interaction between 

the HSS domain and the flanking DNA. Previous studies of HSS-DNA interactions have focused 

primarily on the nucleotide-free (apo) state28,36, and it has not been directly investigated whether 

these interactions change during the ATPase cycle. We therefore examined the contribution of 

the HSS domain to nucleosome binding in the presence of different ATP analogues. 

 

We have previously measured nucleosome binding in a solution-based fluorescent assay using 

a Cy3 fluorophore attached to nucleosomal DNA at the entry/exit site56. However, this probe set 

was not ideal for the present study because little or no fluorescence change was observed when 

certain SNF2h truncations (e.g. ΔHSS) were bound to nucleosomes labeled in this manner (data 

not shown). To overcome this limitation, we labeled nucleosomes with a Cy3 fluorophore on a 

unique cysteine introduced into the N-terminal tail of histone H4 (A15C). Because the H4 tail is 

bound by the ATPase domain of ISWI enzymes39,43, we reasoned that truncations such as 

ΔHSS should still give a fluorescence signal change upon binding. Moreover, because labeled 

histone octamers could be used to assemble nucleosomes on any DNA template, this setup 

made it technically easier and less costly to vary the length of flanking DNA in nucleosome 

binding reactions. 
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To determine whether introduction of a label at H4 A15C interfered with nucleosome binding, we 

compared binding of wild type SNF2h to nucleosomes labeled on the DNA (Figure 1A) or on H4 

A15C (Figure 1B) using an electrophoretic mobility shift assay (EMSA). For both types of 

nucleosomes, we measured binding to nucleosomes lacking flanking DNA (core) or with 

symmetrical 30 bp flanking DNAs (30/30), in the presence of ADP or the ATP analogue 

ADP-BeFx. Quantification of these EMSA results revealed little or no difference in observed 

binding affinities to the two types of nucleosomes (Figure 1C; within 1.3-fold for all conditions 

tested). These results indicate that attachment to H4 A15C did not interfere with nucleosome 

binding. Similarly, no difference in nucleosome remodeling rates was observed between H4 

A15C-Cy3 nucleosomes and unlabeled nucleosomes (data not shown).  

 

We next sought to quantify the extent to which flanking DNA is contacted in various nucleotide 

states. To do this, we compared binding of SNF2h to H4 A15C-Cy3 nucleosomes with flanking 

DNA (30/30) versus without flanking DNA (core). We measured binding under equilibrium 

conditions, monitoring the increase in fluorescence upon SNF2h binding and fitting data to a 

cooperative binding model (Figure 2A). We observed that SNF2h binds 30/30 nucleosomes 

2.1-fold more tightly than core nucleosomes in the absence of nucleotide (Figure 2B, apo; 

p<0.0001). The magnitude of this effect is consistent with previous reports that ISWI enzymes 

bind more tightly to nucleosomes with longer flanking DNA30,33,62.  

 

We have repeatedly observed that incubation of SNF2h and nucleosomes in the absence of 

nucleotide (apo state) prior to activity assays resulted in a large decrease in remodeling activity 

(data not shown). The magnitude of the decrease is proportional to the duration of the 

incubation, and this decrease in activity is not observed when SNF2h and nucleosomes are 

incubated separately, or when incubated together in the presence of ADP or ADP-BeFx (data 

not shown). For this reason, we exclusively considered nucleotide-bound states for the majority 
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of our experiments. Furthermore, we removed the SNF2h-nucleosome pre-incubation step from 

all of our activity assays; we started our assays instead with the addition of nucleosomes to pre-

incubated SNF2h-ATP.  

 

Relative to the apo state, binding to flanking DNA was enhanced by the addition of ADP, 

indicated by the 4.9-fold preference for 30/30 nucleosomes over core (Figure 2B; p<0.0001). 

The conserved HSS domain has been identified as the region responsible for binding flanking 

DNA28,35,36. We therefore deleted this domain from SNF2h (Figure 2C, ΔHSS) and examined the 

effect on nucleosome binding. In the ADP state, deletion of the HSS domain greatly reduced 

binding to 30/30 nucleosomes (22-fold; Figure 2D, left) but had a much more modest effect on 

binding to core nucleosomes, which lack flanking DNA (2.1-fold; Figure 2D, right). This is 

consistent with a role of the HSS domain in binding flanking DNA in the ADP state. 

 

We next examined SNF2h binding to nucleosomes in the presence of ADP-BeFx, a nucleotide 

analogue that can adopt configurations ranging from ATP to ADP-Pi
63-65. Strikingly, while the 

addition of ADP-BeFx slightly increased the overall affinity of SNF2h for nucleosomes, it 

abolished the preference for nucleosomes with flanking DNA (Figure 2B). This raised the 

possibility that the HSS does not make contacts with flanking DNA in the ADP-BeFx state. 	  

 

If the HSS domain does not engage flanking DNA in the ADP-BeFx state, we wondered whether 

it might contribute to binding other parts of the nucleosome. Indeed, compared to the modest 

effect of HSS deletion on binding to core nucleosomes in the presence of ADP (2.1-fold; Figure 

2D, right), deleting this domain dramatically reduced affinity for core nucleosomes in the 

presence of ADP-BeFx (44-fold; Figure 2E, right). A similar effect was observed on 30/30 

nucleosomes (55-fold; Figure 2E, left), consistent with the notion that the HSS does not make 

extensive contacts with flanking DNA in the ADP-BeFx state. Interestingly, in the presence of 
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ADP-BeFx, deletion of the HSS domain had a similar magnitude effect on binding to a short 

piece of DNA (Figure 3), suggesting that the contribution of this domain to core nucleosome 

binding may be due largely to binding of nucleosome-wrapped DNA. Importantly, the HSS may 

contribute to core nucleosome binding either through direct interactions between this domain 

and the nucleosome, or through indirect effects on the rest of the SNF2h protein. Together, 

these results demonstrate that, in the ADP-BeFx state, the HSS domain does not bind flanking 

DNA, but rather contributes to binding the nucleosome core. 

 

The findings above suggest a nucleotide-driven switch between two distinct conformations of 

SNF2h: a conformation in which the HSS engages the flanking DNA (Figure 4, left), and a 

conformation in which the HSS releases flanking DNA and instead stabilizes binding to the 

nucleosome core (Figure 4, right).  

 

Nucleotide state drives a conformational change in SNF2h 

To further test the hypothesis that nucleotide state regulates the position of the HSS domain, we 

developed a FRET-based assay to detect the location of the HSS relative to the flanking DNA 

(Figure 5). In this assay, a donor dye at the end of the flanking DNA (DNA(+20)) transfers 

energy to an acceptor dye attached to the HSS domain (SNF2h A930C) when the two are in 

close proximity.  

 

Due to the large number of endogenous cysteines in SNF2h, we used an enzymatic protein 

ligation strategy to label SNF2h at a single site in the HSS domain66,67 (Figures 6A-6C). We 

chose a site in the SLIDE domain (A930C) predicted from molecular homology modeling to be 

opposite the DNA binding interface37,68 (Figure 5) and labeled this site with an acceptor dye. We 

then used the sortase transpeptidase SrtA from Staphylococcus aureus to ligate the labeled 

HSS to the rest of the protein, forming a full-length SNF2h enzyme with minor internal 
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substitutions, and with the Cy5 label at a single site (Figures 6A-6C). A more detailed 

description of the constructs and procedures used can be found in in Appendix B. SNF2h 

protein labeled in this way remodeled nucleosomes with rates comparable to wild type (within 

2-fold; Figure 6D). 

 

We next used this Cy5-labeled SNF2h construct to test predictions of the simple model 

presented in Figure 4. We bound acceptor-labeled SNF2h to nucleosomes labeled with donor at 

the end of a single 20 bp flanking DNA (Figure 5, DNA(+20)) and measured FRET (Figure 7A). 

The binding analysis in Figure 2 implied that the HSS domain makes stronger contacts with 

flanking DNA in the ADP state than in the ADP-BeFx state. Consistent with this interpretation, 

we found that the FRET efficiency was higher in the presence of ADP than ADP-BeFx 

(Figure 7B). This FRET change was robust to the method used to calculate FRET efficiency, as 

alternate methods that control for intrinsic changes in donor (Figures 8A, 8C) or acceptor 

(Figures 8B, 8D) fluorescence also showed reduced FRET in the ADP-BeFx state. This 

suggests that the HSS is in closer proximity to flanking DNA in the ADP state than in the 

ADP-BeFx state, consistent with the model presented in Figure 4. 

 

Our thermodynamic analysis in Figure 2 also suggested that, in the ADP-BeFx state, rather than 

releasing the nucleosome altogether, the HSS domain engages the nucleosome core. However, 

the precise location of the HSS domain in this state is unclear. We therefore introduced donor 

fluorophores individually at several internal locations on the nucleosome (Figure 5 and data not 

shown), bound each of these nucleosomes with acceptor-labeled SNF2h and measured FRET 

efficiency in different nucleotide states as above. Consistent with the predictions of our model, 

two locations within the nucleosome core exhibited increased FRET with the HSS domain in the 

ADP-BeFx state relative to the ADP state: one on a histone tail (H2A T11C; Figures 3A, 3C) and 

one on the nucleosomal DNA 25 bp from the entry/exit site (DNA (-25); Figures 3A, 3D). For the 
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H2A T11C probe position, we calculated FRET by two additional methods (Figures 8A-8B), both 

of which also showed increased FRET with ADP-BeFx relative to ADP (Figures 8E-8F). These 

two internal probes are located on the side of the nucleosome opposite the dyad, ~120-140 Å 

away from the DNA (+20) probe (Figure 5). These results are therefore consistent with the HSS 

domain releasing flanking DNA and re-locating closer to the nucleosome core in the ADP-BeFx 

state. 

 

Together with the thermodynamic characterization above, these FRET data suggest the 

existence of a large conformational change in SNF2h that is driven by nucleotide state. In one 

conformation (stabilized by ADP) the HSS domain is extended, making contacts with flanking 

DNA (Figure 4, left). In the other conformation (stabilized by ADP-BeFx) the HSS retracts away 

from the flanking DNA and helps to engage the nucleosome core (Figure 4, right).  

 

We wondered whether it may be possible, using the FRET setup described above, to observe 

this conformational change during the nucleosome remodeling reaction (i.e. with addition of 

ATP). Indeed, we were able to observe a FRET change over time for one of these probe sets 

under certain conditions. However, certain technical and conceptual limitations prevented us 

from unambiguously interpreting these results. For a description of these experiments and a 

discussion of their limitations, see Appendix A. 

 

CONCLUSION 

A model for nucleosome remodeling by SNF2h 

ISWI-family chromatin remodelers sense flanking DNA length via the conserved HSS 

domain28,35,36. However, it is unclear how the HSS contributes to nucleosome movement, as well 

as whether and how it communicates with the ATPase domain26,43,46,47. The work presented 

here indicates that the nucleotide state of the active site controls binding of the HSS domain to 
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different regions of the nucleosome. These results suggest that the HSS domain plays an 

additional role in nucleosome remodeling that is independent of flanking DNA binding.  

 

We describe a new conformational state of SNF2h in which the HSS releases flanking DNA and 

instead engages the nucleosome core (Figure 4, right). This conformation is stabilized by 

ADP-BeFx, a nucleotide analogue that several lines of evidence suggest mimics an activated 

state of SNF2h. For example, ADP-BeFx promotes engagement of the histone H4 tail56, a 

nucleosomal epitope that stimulates ATP hydrolysis, nucleosome sliding and translocation along 

naked DNA26,48,49. ADP-BeFx also stabilizes a restricted conformation of the nucleotide binding 

pocket and this change is enhanced by the histone H4 tail61. Taken in context with these 

published findings, our results suggest that the HSS releases flanking DNA in an activated ATP 

state.  

 

Intriguingly, recent single molecule observations indicate that SNF2h is insensitive to flanking 

DNA length during nucleosome translocation52. ISWI enzymes remodel nucleosomes in two 

observable phases: 1) a slow, ATP-dependent “pause” phase in which nucleosomal DNA does 

not move, as detected by FRET; followed by 2) a fast, ATP-dependent translocation phase in 

which the DNA is repositioned in several 1bp increments52,57,58. A recent study demonstrated 

that the duration of the pause phase is sensitive to flanking DNA length but the translocation 

phase is not52, indicating that flanking DNA length sensing and translocation occur at different 

times during the remodeling reaction.  

 

Our results suggest a possible physical explanation for these single molecule observations. We 

propose a model in which DNA length sensing and translocation are carried out by two distinct 

conformational states of SNF2h (Figure 9). In this model, after binding the nucleosome, the HSS 

engages flanking DNA, which helps productively orient the ATPase domain and thus stimulates 
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ATP hydrolysis (Figure 9, top). During this phase (corresponding to the “pause” phase in single 

molecule experiments), ATP hydrolysis is not coupled to DNA translocation, but instead powers 

a slow conformational change to the translocation-competent state of SNF2h (Figure 9, vertical 

arrow). This process is rate limiting, making the overall reaction rate sensitive to flanking DNA. 

Following this switch to the translocation-competent state, in which the HSS domain engages 

the nucleosome core, SNF2h undergoes multiple rounds of ATP hydrolysis, leading to the 

translocation of several bp of nucleosomal DNA as described previously58 (Figure 9, bottom). 

Finally, some process, for example the accumulation of strain on the nucleosome58, could lead 

the HSS to release the nucleosome core and re-engage the flanking DNA.  

 

Several features of this model are consistent with previous work on the mechanism of ISWI 

remodelers as follows: 

 

1) Two recent studies, one with Drosophila ISWI and one with yeast Chd1, have shown that 

flexible insertions between the ATPase domain and the DNA binding domain do not inhibit 

remodeling activity46,47. Based on these findings, it was proposed that the DNA binding domain 

does not communicate with the ATPase domain through transduction of mechanical force. 

Rather, it was suggested that binding of the HSS to flanking DNA serves to productively orient 

the ATPase domain on the nucleosome, similar to what we propose here (Figure 9, top). 

Interestingly, in the case of Chd1, shortening the linker between the ATPase and DNA binding 

domains beyond a critical distance did compromise remodeling activity47. Based on this result, it 

was suggested that a minimal linker length between the ATPase and the DNA binding domain is 

needed to accommodate conformational changes during remodeling. This interpretation is 

consistent with our proposal of a large conformational change in SNF2h that alters the location 

of the HSS relative to the ATPase domain (Figure 9, vertical arrow).  

 



	  32	  

2) Our model proposes that hydrolysis of ATP from the DNA length-sensing state does not 

power translocation (Figure 9, vertical arrow). Consistent with this possibility, a regulatory 

element between the ATPase and HSS domains (termed NegC) has been shown to 

conditionally inhibit the coupling of ATP hydrolysis to translocation on naked DNA26. We 

speculate that NegC contributes to preventing translocation in the DNA length-sensing state, 

thereby gating the transition to the translocation-competent state (for more on the NegC 

element, see Chapter 4).  

 

3) Published DNA footprinting results are consistent with our proposal that the HSS domain 

engages the nucleosome core in an activated, translocation-competent state (Figure 9, bottom). 

One study of the homologous yeast ISW2 complex reported the appearance of a new region of 

protection on nucleosomal DNA shortly following the addition of ATP or during remodeling of 

stalled nucleosomes69. This protected region overlaps with our two internal FRET probes 

(Figure 5), and we have previously observed increased protection at this location by SNF2h in 

the presence of ADP-BeFx
56.  

 

Our results are thus consistent with previous work and extend current models by providing 

evidence for two distinct, nucleotide state-dependent conformations of SNF2h: a conformation 

in which the HSS binds flanking DNA, and a conformation in which the HSS engages the 

nucleosome core.  

 

Coordination between SNF2h protomers 

How might it be that only one motor is activated at a time in the context of a SNF2h dimer? We 

have previously observed that SNF2h engages nucleosomes asymmetrically in the ADP and 

apo states56, states in which it also binds flanking DNA (Figure 2). This raises the possibility that 

only one protomer can bind flanking DNA at a time. We therefore speculate that coordination 
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between protomers occurs at the level of binding to flanking DNA. In such a model, the two 

motors would have to take turns binding to their respective flanking DNAs (Figure 9, top). The 

longer the DNA, the greater the probability that the motor bound to that DNA would hydrolyze 

ATP and proceed to the translocation-competent state. The slow transition to the translocation-

competent state would reduce the probability that both motors simultaneously attempt to 

translocate, thereby avoiding a tug-of-war.  

 

Communication at the level of flanking DNA binding could also help explain the behavior of 

mutant SNF2h dimers presented in Chapter 2. By this model, in SNF2h [wt]-[WB], the 

catalytically compromised protomer is impaired in its ability to switch to the translocation-

competent state and remains bound to flanking DNA. The mutant would thus act as a dominant 

negative by preventing the wild type protomer from taking a turn at binding its flanking DNA 

(Figure 10A). However, deleting the HSS domain of the WB mutant ([ΔHSS/WB]-[wt]) would 

prevent the mutant protomer from binding the flanking DNA, thereby allowing the wild type 

protomer to bind flanking DNA and proceed to translocation unimpeded (Figure 10B). 

 

Broader implications 

If flanking DNA length sensing and nucleosome translocation are carried out by two different 

conformations of SNF2h, then it may be possible to regulate these two processes independently 

of one another. The model proposed here (Figure 9) provides a framework for interrogating how 

protein binding partners (e.g. Acf1) or contextual cues (e.g. histone modifications) may 

selectively alter one process or the other, in order to promote defined remodeling outcomes. 

 

In addition to DNA binding domains, chromatin remodeling ATPases contain a variety of 

different accessory domains that bind other regions of the nucleosome (e.g. histone tails and 

PTMs) or other protein partners (e.g. actin, actin-related proteins)8. It is therefore conceivable 
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that there may exist regulatory mechanisms like the one proposed above (Figure 9) that tailor 

the activity of other remodelers in response to distinct cellular cues. Such mechanisms may 

represent an evolutionary elaboration upon a simpler, underlying DNA/nucleosome translocase 

activity. The addition of regulatory steps to conditionally gate an ancestral motor may have 

enabled specialization of remodeling enzymes to create specific chromatin structures and 

perform specific biological functions. 
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FIGURE LEGENDS 

Figure 1. EMSA of SNF2h binding to fluorescent nucleosomes labeled at two different 

locations 

(A-C) Electrophoretic mobility shift assay (EMSA) comparing SNF2h binding to nucleosomes 

labeled at H4 A15C versus nucleosomes labeled on the DNA at the entry/exit site. 

(A) EMSA measuring SNF2h binding to nucleosomes labeled with Cy3 on the nucleosomal DNA 

at the entry/exit site (+0), a probe location we have used previously56. Core or 30/30 

nucleosomes (15 nM) were incubated with the indicated concentrations of SNF2h, separated on 

a non-denaturing gel, and imaged by Cy3 fluorescence using a Typhoon imager (GE 

Lifesciences). 

(B) EMSA measuring SNF2h binding to nucleosomes labeled with Cy3 on histone H4 A15C. 

Same procedure as (A). 

(C) Quantification of EMSA binding data in (A) and (B). Fraction bound was calculated from the 

disappearance of the unbound nucleosome band, plotted versus SNF2h concentration, and fit to 

a cooperative binding model (see calculations in Appendix B). For all four conditions, the half-

maximal binding concentrations of SNF2h (K1/2) for Cy3-H4- and Cy3-DNA-labeled 

nucleosomes were very similar (within 1.3-fold), indicating that the dye position has little or no 

effect on nucleosome binding. 

 

Figure 2. Nucleotide state regulates binding of the HSS domain to flanking DNA 

or the nucleosome core 

(A) Top, schematic of core and 30/30 nucleosomes. Bottom, representative binding curves 

showing the increase in fluorescence intensity from various concentrations of wild type SNF2h 

binding to 7.5 nM H4 A15C-Cy3 nucleosomes in the presence of ADP. Points are mean ± s.e.m. 

from three replicates, fit to a cooperative binding model. 
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(B) Comparison of wild type SNF2h binding affinities for 30/30 (striped bars) and core (solid 

bars) nucleosomes in the presence of no nucleotide (apo), ADP or ADP-BeFx. Fold changes 

indicate the decrease in affinity for core relative to 30/30 nucleosomes in a given nucleotide 

state. Error bars are s.e.m. **** p<0.0001; n.s. not significant. 

(C) Schematic representation of wild type SNF2h and SNF2h ΔHSS with amino acid numbers. 

(D) Comparison of wild type SNF2h and SNF2h ΔHSS binding affinities for 30/30 (left, striped 

bars) or core (right, solid bars) nucleosomes in the presence of ADP. Fold changes and 

p-values reflect the decrease in affinity from deletion of the HSS domain. *** p<0.001; 

**** p<0.0001.  

(E) Same as (D), but in the presence of ADP-BeFx. 

 

Figure 3. Effect of HSS domain deletion on binding to 30 bp DNA 

Wild type SNF2h and SNF2h ΔHSS binding to a 30bp, double stranded DNA in the presence of 

ADP-BeFx. DNA labeled at its 5’ end with fluorescein was incubated with various concentrations 

of protein under the same reaction conditions used to measure nucleosome binding in Figure 2. 

Fluorescence polarization was measured and data were fit similarly to nucleosome binding data 

(Appendix B), except that a non-cooperative binding model was used (Hill coefficient = 1).  

(A) Binding curves fit to non-cooperative binding model. Points are mean ± s.e.m. of three 

replicates.  

(B) Affinities from fitting of data. Bars are mean ± s.e.m.  

 

Figure 4. Simple model for a nucleotide-dependent conformational change in SNF2h 

Simple model for the proposed nucleotide-stabilized conformational states of SNF2h. In the 

ADP state (left) the HSS domain is extended, binding flanking DNA. In the ADP-BeFx state 
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(right) the HSS is retracted, helping bind the nucleosome core. For clarity, only one protomer is 

shown. 

 

Figure 5. FRET probes used to detect proximity between the HSS and different regions of 

the nucleosome 

Structural model of the SNF2h HSS domain (green) bound to a nucleosome (gray), indicating 

the locations of FRET probes used in Figures 7 and 8. A homology model of HSS-DNA complex 

based on PDB:2Y9Z37 was generated using Phyre268 and manually docked onto the 

nucleosome PDB:1KX570. Positions of Cy3 donor (green spheres) and Cy5 acceptor (red 

sphere) dyes are indicated. 

 

Figure 6. Preparation of fluorescently labeled SNF2h and nucleosome remodeling 

controls 

(A) Schematic of the method used to site-specifically label SNF2h at position A930C for 

experiments in Figures 7 and 8 (see also Appendix B). 

(B) Sortase-mediated ligation reaction containing affinity-purified Cy5-HSS and unlabeled 

ATPase after 0 or 21 hours. Bands corresponding to full-length Cy5-labeled SNF2h product 

(Full-length), ATPase and HSS fragments, and sortase enzyme are denoted with arrows. 

M = molecular weight marker (given in kDa). 

(C) Purification of sortase-ligated, Cy5-labeled SNF2h. Gel of ligation products purified by cation 

exchange chromatography (IEX), then by size exclusion chromatography (SEC). Bands are 

labeled as in (A), with the band corresponding to TEV protease also indicated.  

(D) Native gel mobility shift nucleosome remodeling assay with sortase-ligated SNF2h-Cy5 and 

wild type SNF2h. 50nM 0/60 nucleosomes were remodeled with saturating amounts (300nM) of 

each enzyme and stopped at various time points. 
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Gels in (B) and (C) were stained with SimplyBlue SafeStain (Life Technologies) and imaged on 

an Alpha Imager (Protein Simple). Gel in (D) was stained with SYBR Gold (Life Technologies) 

and imaged on a Typhoon imager (GE LifeSciences). 

 

Figure 7. A nucleotide-driven conformational change involving the HSS domain 

(A) Equation used to calculate FRET Ratios in (B-D). Em!"# and Em!"! are the acceptor and 

donor emission maxima, respectively, from samples excited at the donor excitation wavelength 

(515 nm). 

(B) FRET between SNF2h A930C-Cy5 (1 µM) and 0/20 Cy3 DNA(+20) nucleosomes (200 nM). 

Left, schematic of label positions. Middle, representative emission spectra in the presence of 

ADP (blue) or ADP-BeFx (red), showing donor (565 nm) and acceptor (670 nm) fluorescence in 

response to donor excitation. Right, FRET Ratios in the presence of ADP (0.51 ± 0.004) or 

ADP-BeFx (0.34 ± 0.005) given as mean ± s.e.m. from three replicates. See also Figures 8C-8D 

for FRET determination by two alternate methods. 

(C) FRET between SNF2h A930C-Cy5 (1 µM) and 0/20 H2A T11C-Cy3 nucleosomes (200 nM), 

in the presence of ADP (0.39 ± 0.003) or ADP-BeFx (0.56 ± 0.003), shown as in (B). See also 

Figures 8E-8F for FRET determination by two alternate methods. 

(D) FRET between SNF2h A930C-Cy5 (1 µM) and 0/20 Cy3 DNA(-25) nucleosomes (200 nM), 

in the presence of ADP (0.40 ± 0.011) or ADP-BeFx (0.49 ± 0.004), shown as in (B). 

**** p<0.0001, *** p<0.0005 

 

Figure 8. Alternate FRET determination for HSS-nucleosome FRET pairs 

Alternate methods for determination of FRET using probe sets from Figures 7B and 7C. A more 

detailed description of reaction setup and calculations can be found in Appendix B. 

(A) Equation used to calculate donor quenching in (C) and (E). Em!"!
D  is the donor emission of 
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SNF2h-nucleosome complexes labeled with donor dye only (i.e. unlabeled SNF2h plus Cy3-

labeled nucleosomes). Em!"!
D+A is the donor emission of complexes containing both donor and 

acceptor labels (i.e. Cy5-labeled SNF2h plus Cy3-labeled nucleosomes). Because the 

conditions are otherwise identical, a decrease in the donor emission of the donor+acceptor 

complex relative to the donor only complex reflects energy transfer due to FRET.  

(B) Equation used to calculate acceptor-subtracted FRET. Em!"#
D+A is the acceptor emission from 

SNF2h-nucleosome complexes containing both donor and acceptor. Em!"#
A  is the acceptor 

emission from complexes containing only the acceptor dye (i.e. Cy5-labeled SNF2h plus 

unlabeled nucleosomes). Em!"!
D+A is the donor emission from complexes containing both donor 

and acceptor. All refer to values obtained from samples excited at the donor excitation 

wavelength (515 nm). 

(C) FRET determination by donor quenching for the DNA(+20) Cy3 position. Left, schematic of 

label positions (top) and representative emission spectra in the presence of ADP or ADP-BeFx 

(bottom). Colored curves are emission from complexes containing both labeled components 

(Cy3 nucleosomes + Cy5 SNF2h). Black curves are emission from complexes containing donor 

only (Cy3 nucleosomes + unlabeled SNF2h). FRET results in quenching of the donor peak 

(~565nm) in the presence (colors) compared to absence (black) of the acceptor dye. Right, 

Donor quenching values ± s.e.m. from three replicates, calculated using the equation shown 

in (A).  

(D) Acceptor-subtracted FRET determination for the DNA(+20) Cy3 position. Direct acceptor 

fluorescence was determined by assembling complexes with acceptor only (unlabeled 

nucleosomes + Cy5 SNF2h) and exciting with the donor excitation wavelength (515 nm). This 

value was subtracted from the observed acceptor intensity as in the equation shown in (B). Bars 

are mean ± s.e.m. of three replicates. 
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(E) FRET determination by donor quenching for the H2A T11C Cy3 position. Same presentation 

as in (E). 

(F) Acceptor-subtracted FRET determination for the H2A T11C Cy3 position. Same presentation 

as in (F). 

**** p<0.0001, ** p<0.01 

 

Figure 9. A model for nucleosome remodeling by SNF2h. 

SNF2h initially engages nucleosomes in a non-productive ground state (top middle). Binding of 

the HSS domain to flanking DNA leads to productive engagement of the ATPase domain (top 

left and right) and ATP hydrolysis. In this DNA length-sensing state (purple box), the HSS 

domain binds flanking DNA, but the enzyme cannot translocate. ATP hydrolysis from the DNA 

length-sensing state induces a slow, rate-limiting conformational change to a translocation-

competent state (vertical arrow). For clarity, this transition is only shown for one SNF2h 

protomer. In the translocation-competent state (orange box), ATP hydrolysis is coupled to 

translocation of DNA across the surface of the histone octamer. Translocation proceeds until 

strain on the nucleosome is released, resetting the enzyme to the length-sensing state. In this 

model, longer flanking DNA increases the likelihood of SNF2h undergoing a conformational 

change to the translocating state and, therefore, makes the overall reaction sensitive to flanking 

DNA length. The two SNF2h protomers take turns for binding to their respective flanking DNAs 

(top). This allows discrimination between long and short flanking DNA, and helps prevent the 

two motors from trying to move the nucleosome simultaneously in opposite directions. 

 

Figure 10. Models for the effects of mutations in the SNF2h dimer. 

(A) When one protomer is catalytically compromised (WB), it can still compete with the wild type 

protomer for binding to flanking DNA. However, because it is impaired for ATP hydrolysis, the 

WB protomer does not proceed efficiently to translocation and instead remains bound to 
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flanking DNA longer. This hinders DNA binding by the wild type protomer and thus slows the 

overall rate of nucleosome movement.  

(B) When the HSS domain is deleted from the catalytically compromised protomer (ΔHSS/WB), 

it can no longer compete for binding to flanking DNA. The wild type protomer is then unimpeded 

in binding to its DNA and proceeding to translocation. 
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Figure 8. Alternate FRET determination for HSS-nucleosome

FRET pairs
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A regulatory region that controls DNA length sensing and translocation 

Several recent studies have identified a region between the ATPase and HS(S) domains of 

ISWI and Chd1 remodelers that regulates remodeling activity26,42,52. This region was first 

identified in the crystal structure of S. cerevisiae Chd1 as a “brace/bridge” that contacts both 

lobes of the ATPase domain42. An analogous region was later examined in the context of 

Drosophila ISWI, wherein it was re-named “NegC”26. In this study, deletion of the HSS domain 

impaired translocation on naked DNA, without much effect on ATP hydrolysis, and further 

deletion of the NegC region rescued this defect. From this result, the authors inferred that NegC 

inhibits coupling of ATP hydrolysis to translocation. More recently, a single molecule study of 

human SNF2h reported that replacing NegC with a short linker selectively impaired flanking 

DNA length sensitivity without compromising the ability of SNF2h to move nucleosomes52. 

 

Nucleosome centering relies on flanking DNA length sensitivity 

It has been proposed that the characteristic mononucleosome centering activity of ISWI-family 

remodelers depends on their ability to sense flanking DNA length via the HSS domain29-31. 

Given the recent observation that it is possible to inhibit length sensing by SNF2h without 

impairing overall remodeling function52, we sought to test this basic premise directly. 

Specifically, we hypothesized that disrupting the NegC region, in addition to reducing flanking 

DNA length sensitivity, should impair mononucleosome centering by SNF2h. 

 

We replaced NegC with a flexible linker of equal length in the context of full length SNF2h 

(mNegC; Figure 1A). Consistent with previous work52, we found that SNF2h mNegC exhibited 

no defect in overall remodeling activity (Figure 1B) but had dramatically reduced sensitivity to 

flanking DNA (Figure 2). Whereas wild type SNF2h remodeled core nucleosomes 10-fold more 

slowly than 30/30 in a restriction enzyme accessibility assay (Figure 2, left), this difference was 

only 1.5-fold for SNF2h mNegC (Figure 2, right).  
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To investigate whether uncoupling DNA length sensing from nucleosome mobilization affects 

nucleosome centering, we next compared the remodeled products of SNF2h mNegC and wild 

type SNF2h on a native gel. Whereas wild type SNF2h produced primarily centered nucleosome 

products, SNF2h mNegC generated a steady-state distribution of products with a broad range of 

electrophoretic mobilities (Figure 3A). Similar behavior was observed for remodeling of pre-

centered mononucleosomes (30/30); wild type SNF2h generated a steady state distribution that 

was predominantly centered, and SNF2h mNegC produced a distribution with at least four 

visible products, in roughly equal proportions (Figure 3B). Finally, this same difference in 

product distribution was observed under conditions that should favor dissociation of SNF2h into 

monomers ([nucleosomes] >> [enzyme]; Figure 3C). This suggests that the failure of SNF2h 

mNegC to center nucleosomes results from an intrinsic change in the functioning of the enzyme, 

rather than from an inability of the two SNF2h protomers to properly work together. 

 

Together, the above results strongly support the hypothesis that nucleosome centering by 

SNF2h relies on its ability to sense flanking DNA length. 

  

NegC disruption reduces sensitivity to mutations in the H4 basic patch 

The ATPase and remodeling activities of ISWI enzymes are stimulated by a patch of basic 

residues on the N-terminal tail of histone H449,61,71. Given that mutation of NegC dramatically 

reduces the sensitivity of SNF2h to flanking DNA (Figure 2)52, we wondered whether it also 

reduces sensitivity to the H4 tail. To address this question, we measured the effect of mutating 

the histone H4 basic patch (BP, K16R17H18R19 to A16A17A18A19) on the maximal nucleosome 

remodeling rates of wild type and mNegC SNF2h.  
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We previously reported that the H4 BP mutation slows remodeling by 16-fold in the context of 

the human ACF complex61. In contrast to this result, we found that mutating the H4 BP 

decreases the maximal rate of remodeling by SNF2h by approximately 550-fold (Figure 4A). 

This suggests that SNF2h is much more sensitive to the presence of the basic patch than is 

ACF.  

 

We next examined the effect of the H4 BP mutation on nucleosome sliding by SNF2h mNegC. 

Compared to wild type enzyme, SNF2h mNegC was less sensitive to mutations in the H4 BP, 

as this perturbation only slowed remodeling by 20-fold (Figure 4B). Interestingly, SNF2h mNegC 

remodels H4 BP nucleosomes ~40-fold faster than wild type enzyme (Figures 4A-4B, light 

bars). Together with the results above, these data indicate that disruption of the NegC element 

reduces the dependence of SNF2h activity on the basic patch of the histone H4 tail. 

 

CONCLUSION 

We and others have previously speculated that the characteristic mononucleosome centering 

activity of ISWI chromating remodeling enzymes depends on their ability to respond to flanking 

DNA length29-31. However, until now this premise has not been directly investigated. Here, we 

test this premise experimentally by mutating NegC, a regulatory element that impairs flanking 

DNA length sensing but not overall remodeling rate (Figures 1-2)26,42,52. We find that disruption 

of NegC abolishes nucleosome centering (Figure 3), supporting the hypothesis that flanking 

DNA length sensing is required to center nucleosomes. 

 

We further explore the role of NegC in sensitizing SNF2h to the histone H4 tail. We find that, in 

contrast to wild type SNF2h, mNegC is less sensitive to mutations in the critical basic patch 

region (Figure 4). One previous report examined a similar combination of mutations but did not 

report an effect of the NegC region alone in regulating sensitivity to the H4 tail26. Their failure to 
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detect an effect likely resulted from: 1) their use of protein truncations lacking the HSS domain; 

and/or 2) the semi-quantitative nature of their remodeling assays.  

 

Finally, we observe that SNF2h is more sensitive to the presence of the H4 BP than is ACF 

(Figure 4A)61. This result is intriguing, given recent reports that Acf1 also contacts the H4 tail 

and that this interaction regulates the activity of SNF2h52. It is possible that Acf1 stimulates 

SNF2h activity in other ways such that its basal activity, in the absence of the H4 tail, is higher 

overall. 

 

Mechanism of NegC action 

How does NegC regulate the activity of the ATPase domain? Two recent studies examined this 

question by inserting long, flexible linkers adjacent to the NegC (brace/bridge)46,47. In both 

cases, inserting linkers had no effect on mononucleosome centering. The authors interpret 

these results to indicate that NegC, and indeed the entire region between the HS(S) and 

ATPase domains, does not need to mechanically transduce force in order to support proper 

remodeling function.  

 

We recently reported that the histone H4 tail and flanking DNA exert different effects on the 

active site of SNF2h, and we speculated that these two features of the nucleosome may 

regulate different steps of the remodeling reaction61. Future work should investigate how these 

regulatory events may fit into the model proposed in the previous chapter (Chapter 3, Figure 9). 

For example, it is tempting to speculate that flanking DNA may regulate the productive 

positioning of the ATPase domain on the nucleosome, while the H4 tail may regulate the 

transition to the translocation-competent conformation. Answering these questions will likely 

require the development of more sophisticated assays - for example, a single-molecule version 
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of the HSS FRET assay used in Chapter 3 - and/or the identification of mutations that 

selectively block certain steps of the remodeling reaction. 
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FIGURE LEGENDS 

Figure 1. Disrupting NegC slightly increases the rate of nucleosome remodeling 

(A) Schematic showing the location of the NegC motif in the primary sequence of SNF2h, and 

the mutations in SNF2h mNegC. 

(B) FRET nucleosome remodeling assay comparing wild type SNF2h to SNF2h mNegC. Left, 

schematic of the assay and representative kinetic traces. Right, maximal rate constants from 

remodeling 7.5 nM FRET-labeled 0/60 nucleosomes with saturating concentrations (300 nM) of 

each enzyme. Bars are mean ± s.e.m. of three replicates. 

 

Figure 2. Disrupting NegC impairs flanking DNA length sensitivity 

Restriction enzyme accessibility assay comparing stimulation of remodeling activity by flanking 

DNA for SNF2h wild type and mNegC. Top, schematic of the assay workflow. Remodeling 

exposes a buried PstI restriction site, DNA products are separated on a native gel and fraction 

of cut DNA is quantified. Middle, kinetics of nucleosomal DNA cutting over time for wild type 

(left) and mNegC (right) remodeling core and 30/30 nucleosomes. Saturating concentrations of 

enzyme were used (300 nM and 900 nM for 30/30 and core nucleosomes, respectively). Points 

are the mean of three or four replicates, fit to a single exponential. Bottom, maximum rate 

constants (kmax) obtained from fits. Values are mean ± s.e.m. 

 

Figure 3. Disrupting NegC abolishes mononucleosome centering 

(A) Gel shift nucleosome remodeling assay comparing wild type SNF2h to mNegC. 0/60 

nucleosomes (40 nM) were remodeled with the indicated concentrations of each enzyme and 

stopped at various time points. 

(B) Same as (A), but using centered (30/30) nucleosomes as the starting material. 

(C) Same as (A), but with 0/60 nucleosomes in vast excess over enzyme. 
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Figure 4. Disrupting NegC reduces sensitivity to mutations in the H4 tail basic patch 

FRET nucleosome remodeling assay examining the effect of histone H4 basic patch mutation 

(K16R17H18R19 to A16A17A18A19) on maximal remodeling rate. 

(A) Nucleosome remodeling of 0/60 nucleosomes (7.5 nM) by a saturating concentration of wild 

type SNF2h (300 nM). Top, schematic of the assay setup (green donor, red acceptor). Bottom 

left, representative traces of SNF2h remodeling nucleosomes containing wild type or BP mutant 

histone H4. Bottom right, maximal rate constants obtained by fitting three replicate kinetic 

traces. Error bars are s.e.m. Fold change indicates difference between BP mutant and wild type 

nucleosomes. Because BP mutant remodeling reactions with wild type SNF2h did not reach 

completion, fitting was conducted with an estimated end point as described in Appendix B. 

(B) Nucleosome remodeling of 0/60 nucleosomes (7.5 nM) by a saturating concentration of 

SNF2h mNegC (300 nM). Same reaction setup as in (A). Left, representative traces of SNF2h 

mNegC remodeling nucleosomes containing wild type or BP mutant histone H4. Right, maximal 

rate constants obtained by fitting four replicate kinetic traces. Error bars are s.e.m. Fold change 

indicates difference between BP mutant and wild type nucleosomes. 
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Figure 3. Disrupting NegC abolishes mononucleosome centering
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Accessory regions affect the conformation of the SNF2h nucleotide binding pocket 

In addition to the large, nucleotide-dependent conformational change reported in Chapter 3 

above, we have previously described conformational changes in the ATPase active site of 

SNF2h in response to changes in nucleotide state61. This work used electron paramagnetic 

resonance (EPR) spectroscopy, a biophysical technique that reports on the mobility of chemical 

probes containing unpaired electrons, and which can detect multiple protein conformations in 

equilibrium72-74. Specifically, we examined conformational changes in the ATPase active site of 

SNF2h using ATP and ADP analogues containing a nitroxyl-radical EPR spin probe61. We 

observed two distinct populations of bound nucleotide - a more mobile population, and a more 

restricted one. We inferred that these populations reflect two distinct conformations of the 

SNF2h active site. Interestingly, the analogue ADP-BeFx stabilizes the restricted conformation, 

while ADP does not. We also observed that deletion of the H4 tail or mutation of the basic patch 

(BP) residues (K16R17H18R19 to A16A17A18A19), as well as a mutation in the Walker B (WB) 

ATPase motif (E309A), greatly reduced the fraction of nucleotide bound in the restricted 

conformation. Both of these mutations also impair ATP hydrolysis activity, leading us to 

speculate that conformational restriction of the active site may correspond to an activated state 

of the enzyme, as has been reported for other motors72-74. Interestingly, however, flanking DNA, 

which also stimulates ATP hydrolysis, does not support conformational restriction of the SNF2h 

active site61. Based on these results, we speculate that the H4 tail and flanking DNA may 

influence the enzyme during different steps of the remodeling reaction. 

 

Given these published findings, we wondered how the following regulatory regions of SNF2h 

may affect ATP hydrolysis and conformational restriction of the active site:  

1) The HSS domain has been shown to bind flanking DNA outside the nucleosome28,36, and we 

have demonstrated here that it contributes to core nucleosome binding (Chapter 3, Figure 2E) 

or binding of a short, double-stranded DNA (Chapter 3, Figure 3) in the presence of ADP-BeFx. 
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We therefore hypothesized that this domain may also be important for promoting conformational 

restriction of the nucleotide binding site, which is also stabilized by ADP-BeFx
61.  

2) A recent study of Drosophila ISWI reported that mutation of two Arg residues in the N-

terminus of the enzyme enhanced both ATP hydrolysis and nucleosome sliding26. We were 

therefore interested to determine whether this same stimulatory effect could be observed in 

SNF2h. This region was deemed “AutoN” and the mutations replacing these Arg with Ala was 

termed “2RA”26; we will use this nomenclature here. 

3) As a control, we also examined the Walker B mutation (WB; E309A) described in Chapter 2, 

which we have previously shown to impair active site restriction in SNF2h-nucleosome 

complexes61. 

 

We first examined maximal, DNA-stimulated (30 bp) rates of ATP hydrolysis by wild type SNF2h 

and each of the variants described above (Figure S1A). Relative to wild type SNF2h (24.5 ± 0.6 

min-1), SNF2h ΔHSS was 2-fold slower (12.0 ± 0.4 min-1), SNF2h WB was more than 25-fold 

slower (0.95 min-1) and SNF2h 2RA was 2-fold faster (50.7 min-1). Error bars are not given for 

SNF2h WB or SNF2h 2RA because only two replicate ATPase measurements were performed 

for these enzymes.  

 

We next used EPR to examine the relative mobility of spin-labeled ADP (SL-ADP) or ADP-BeFx 

(SL-ADP-BeFx) bound by wild type SNF2h and each of the variants described above, in 

complex with a 30 bp DNA. Derivative EPR spectra were processed and deconvolved as 

previously described61, and as summarized in Appendix B. Consistent with our published 

results61, we observed low relative abundance of the restricted conformation in the absence of 

DNA or in the presence of SL-ADP (data not shown). The wild type SNF2h-DNA complex bound 

SL-ADP-BeFx with a fraction immobile of 0.85 ± 0.01 (Figure S1B). SNF2h ΔHSS (0.56 ± 0.01) 
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and SNF2h Walker B (0.25 ± 0.04) exhibited 1.5-fold and 3.4-fold lower fraction immobile, 

respectively (Figure S1B). By contrast, the 2RA mutation had no effect on the fraction of 

SL-ADP-BeFx immobilized (0.86 ± 0.02; Figure S1B). These data can also be represented as 

Keq for the presumed mobile-to-immobile transition (Figure S1C). 

 

Plotting ATPase kcat as a function of either fraction immobile (Figure S1D) or Keq (Figure S1E) 

reveals what appears to be a positive trend between ATP hydrolysis rate and these two metrics 

of active site restriction. For wild type, ΔHSS and WB enzyme, this relationship appears to be 

roughly linear, particularly for kcat vs. fraction immobile (Figure S1D). However, the 2RA 

mutation does not appear to follow this relationship, showing a faster rate of ATP hydrolysis 

than wild type enzyme, with no detectable increase in probe immobilization. 

 

The mechanistic implications of these findings are unclear. However, they could suggest that, 

while the HSS domain appears to contribute to the reaction step in which active site restriction 

occurs, the 2RA mutation may enhance ATP hydrolysis by acting at a different step. Future 

work should investigate what other reaction step(s) may be enhanced by the 2RA mutation, and 

whether it may act in the same step as flanking DNA. 

 

DNA-stimulated ATP hydrolysis rate is negatively correlated with DNA length 

In the Chapter 3 we presented evidence that the HSS domain is extended, binding flanking 

DNA, in the ADP state, and it is retracted in the ADP-BeFx state - a state which we speculate 

mimics an activated form of the enzyme (Chapter 3, Figures 2, 4, 7 and 9). We therefore 

wondered whether stabilizing the extended state of the HSS may disfavor formation of the 

ADP-BeFx conformation, and thereby reduce enzymatic activity.  While the remodeling reaction 

is complicated, consisting of multiple steps (see Chapter 3 for discussion), we speculated that 

the ATP hydrolysis reaction on naked DNA may be simple enough to observe the effects of 
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such perturbations to the equilibrium of HSS domain states. We therefore wondered whether 

increasing the length of a naked DNA substrate may provide additional binding sites for the HSS 

domain, thereby stabilizing the extended (inactive) conformation and reducing ATP hydrolysis.  

 

We tested this hypothesis by measuring maximal rates of ATP hydrolysis of SNF2h bound to 

DNAs of varying length (30, 60 or 147 bp). Intriguingly, increasing DNA length did indeed 

reduce maximal ATPase rate - a 2.4-fold decrease upon lengthening from 30 to 60 bp, and 

3.1-fold for 30 to 147 bp (Figure S2). This appeared to be consistent with our hypothesis. 

However, SNF2h lacking its HSS domain (ΔHSS) also showed a reduction in ATPase rate 

(1.7-fold) upon lengthening DNA from 30 to 60 bp (Figure S2).  

 

While these results are somewhat ambiguous due to the small effect sizes, they appear to be 

inconsistent with our hypothesis, as the HSS domain is not required for the observed length-

dependent decrease in DNA-stimulated ATP hydrolysis rate. As such, the mechanistic basis for 

this phenomenon is unclear and warrants further study.  

 

Kinetic measurements of HSS-nucleosome FRET 

The FRET assays described in Chapter 3, in addition to enabling equilibrium measurements of 

HSS position in various nucleotide states, raise the possibility of monitoring changes in HSS 

position over time during nucleosome remodeling. Below, we describe our attempts to make 

and interpret such measurements using an ensemble FRET (fluorometer) setup. The results of 

these experiments could not be unambiguously interpreted, for the reasons described below. 

However, a single-molecule FRET (smFRET) setup would not be subject to these same 

limitations. In future work, we hope to use smFRET to monitor HSS dynamics during 

nucleosome remodeling, using the FRET pairs identified in Chapter 3. 
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We first sought to determine whether the HSS domain retracts from the flanking DNA during 

remodeling, as proposed in our model (Chapter 3, Figure 9). However, remodeling of 

nucleosomes would lead to repositioning of the DNA and, thus, a change in the location of the 

dye at the end of the flanking DNA. To overcome this problem, we took advantage of previous 

work showing that a single-strand gap of 2 bases at a position 20bp from the nucleosome dyad 

prevents nucleosome sliding by ISWI family enzymes27,57 (Figure S3A, pink spheres). To 

generate the large quantities of gapped nucleosomal DNA needed for these experiments, we 

developed a new, scalable method for single-strand gapping that uses a modified 601 

positioning sequence and commercially available single-strand nicking endonucleases (for a 

detailed description of the method, see Appendix B). We confirmed by a native gel remodeling 

assay that gaps introduced in this manner potently inhibit nucleosome remodeling by SNF2h 

(data not shown), in agreement with previous reports 27,57.  

 

We used this method to generate gapped nucleosomes containing the dye configuration shown 

in Figure S3A. This allowed us to measure FRET between the HSS and flanking DNA upon 

addition of ATP, while ensuring that the DNA would not be repositioned relative to the histone 

octamer. After mixing donor-labeled, gapped nucleosomes with acceptor-labeled enzyme and 

ATP, we observed an initial high FRET signal (Cy5max/Cy3max = 1.1 ± 0.02) equal to that 

observed when ADP was bound to SNF2h on non-gapped nucleosomes (1.1 ± 0.04; 

Figure S3C, dark gray vs. blue). This result implied that the HSS initially contacts flanking DNA 

at the beginning of the remodeling reaction. This high FRET signal decreased over time 

(Figure 3C), reaching a steady state value (Cy5max/Cy3max = 0.77 ± 0.01) that was intermediate 

between equilibrium values for ADP and ADP-BeFx (Figure 3C, light gray vs. red and blue). We 

initially interpreted these data to suggest that SNF2h transitions from an HSS-extended state to 

an HSS-retracted state following the addition of ATP. Moreover, because single-strand DNA 
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gaps block translocation27,57, we inferred that this conformational change occurs prior to the 

translocation step. 

 

If the FRET change described above (Figure S3B) indeed reflects a pathway that is on-pathway 

for the nucleosome remodeling reaction, then the rate of the conformational change cannot be 

slower than the overall remodeling rate. Moreover, if this conformational change is truly rate-

limiting for the overall remodeling reaction, as predicted in Chapter 3, Figure 9, then increasing 

the length of flanking DNA (which increases remodeling rate)29 should increase the rate of the 

conformational change. 

 

To test these predictions, we assembled nucleosomes with 40 bp of flanking DNA, and an 

internal Cy3 label (Cy3-dT, IBA LifeSciences) on the flanking DNA, 20 bp from the entry/exit site 

(40/0 Cy3(+20)). Compared to Cy3-20/0 nucleosomes, 40/0 Cy3(+20) nucleosomes were 

remodeled ~3.7-fold faster by wild type SNF2h in a gel remodeling assay (Figures S3D, S3F), 

consistent with our previous observations of the length sensitivity of SNF2h29. We next 

assembled 40/0 Cy3(+20) with gaps analogous to those shown in Figure S3A. Gapped 

40/0 Cy3(+20) nucleosomes showed a high-to-low FRET transition upon addition of ATP 

(Figure S3E), similar to that observed for Cy3-20/0 nucleosomes (Figure S3B). However, 

contrary to the predictions above, the observed FRET change on 40/0 nucleosomes (0.69 min-1) 

was slower than that observed on 20/0 nucleosomes (1.2 ± 0.09 min-1; Figure S3F). Moreover, 

while Cy3-20/0 nucleosomes exhibited a FRET change that was faster than the overall rate of 

remodeling (consistent with this transition being on-pathway), the FRET change on 40/0 

Cy3(+20) nucleosomes was approximately 2- to 3-fold slower than the rate of nucleosome 

sliding (Figure S3F). 
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These results are contrary to the predictions made above. However, the following technical and 

conceptual limitations prevented us from unambiguously interpreting these results:  

(i) Because the location of the label on the flanking DNA could not be changed, lengthening the 

DNA required the use of an internal Cy3 label. Our experiments could not easily rule out 

additional effects on the activity of labeled SNF2h resulting from the internal label.  

(ii) We realized that, because nucleosomes with a gap at SHL2 cannot be moved, the rate 

constant being measured for movement of the HSS away from the flanking DNA reflects an 

approach to steady state (Figure S4). As a result, the observed transition (kobs) is minimally the 

sum of two rate constants: the ATP-dependent rate constant for the transition to the proposed 

HSS-retracted conformation (k+1), and the ATP-independent rate constant for the HSS 

re-binding the flanking DNA (k-1). The measured kobs could additionally reflect dissociation of 

SNF2h from the nucleosome and re-binding (not shown in Figure S4). It is further unclear how 

the single-strand gap at SHL2 may affect (k+1) and (k-1) relative to un-gapped nucleosomes. 

 

Given these complications, we believe that the data presented in Figure S3A, while technically 

sound, cannot be unambiguously interpreted without A) additional controls to rule out inhibitory 

effects of the internal Cy3 label; B) additional information about the reaction step(s) contributing 

to the observed FRET; and C) an understanding of how single-strand DNA gaps affect these 

processes. These complications are due, in part, to the asynchronous, ensemble nature of 

these measurements. By contrast, an smFRET assay can readily detect: 1) dissociation and re-

binding events; 2) forward vs. reverse transitions; and 3) multiple conformations with different 

FRET signals. Future work using this FRET pair (and the others described in Chapter 3) in the 

context of an smFRET assay could uncover additional information about the conformation of 

SNF2h during its nucleosome remodeling cycle. 
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Dependence of FRET remodeling rate on ATP and ATPγS 

In trying to estimate the Km of SNF2h for ATP by a FRET remodeling assay, we noticed a 

qualitative change in FRET remodeling kinetic traces as a function of ATP concentration 

(Figure S5A). Specifically, at low concentrations of ATP (2-10 µM), we observed the 

appearance of an initial, fast increase in acceptor fluorescence intensity, followed by a slower 

decrease in intensity during remodeling of 0/60 nucleosomes. The rates of both phases 

increased with increasing ATP concentration (Figure S5B). Fitting the plot of the intensity 

decrease (kdown) vs. [ATP] to a Michaelis-Menten model yielded a Km for ATP of ~21 µM. 

 

We also examined FRET remodeling in the presence of the slowly hydrolysable ATP analogue 

ATPγS (Figure S5C). Relative to remodeling in the presence of 2 mM ATP (kobs = 1.7 min-1), the 

addition of 2 mM ATPγS slowed remodeling by ~13-fold (kdown = 0.13 min-1). In the presence of 

2 mM ATPγS (and no ATP), remodeling was at least 200-fold slower (kobs ~ 0.007 min-1) than 

remodeling with ATP. 

 

Finally, we examined the effect of adding a large excess of ATPγS (2 mM) on remodeling in the 

presence of a sub-saturating (10 µM) concentration of ATP (Figure S5D). As expected, under 

these conditions, the addition of ATPγS had a larger inhibitory effect than it did in the presence 

of saturating ATP. 
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FIGURE LEGENDS 

Figure S1. DNA-stimulated ATP hydrolysis and active site conformational restriction by 

SNF2h variants 

(A) Maximal rates of DNA-stimulated ATP hydrolysis measured using an NADH enzyme-

coupled ATPase assay (Appendix B). SNF2h and variants were mixed with a saturating 

concentration of ATP and with 30 bp double-stranded DNA as follows: 500 nM wild type SNF2h 

+ 1 µM DNA; 800 nM SNF2h ΔHSS + 50-100 µM DNA;  2 µM SNF2h WB + 3 or 8 µM DNA; 400 

nM SNF2h 2RA + 2 or 8 µM DNA. Bars are mean of three replicates (wild type and ΔHSS) or 

two replicates (WB and 2RA). Error bars are s.e.m. No error bars are shown for WB or 2RA, 

because only two replicates were performed. 

(B) Fraction SL-ADP-BeFx immobilized by enymes in complex with 30 bp double-stranded DNA, 

obtained from deconvolution of EPR spectra as described previously61 and as summarized in 

Appendix B. 12 µM SL-ADP-BeFx and 30µM DNA were mixed with enzyme variants as follows: 

17 µM wild type SNF2h; 22 µM SNF2h ΔHSS; 20 µM SNF2h WB; 18 µM SNF2h 2RA. Bars are 

mean ± s.e.m. from three replicates.  

(C) Same data as (B), represented as Keq for a presumed equilibrium between states giving rise 

to immobile and mobile spin probe. Top, equation for calculating Keq. Bottom, Keq for each 

enzyme variant, measured under the conditions described in (B). Bars are mean ± s.e.m. from 

three replicates. 

(D) ATPase kcat vs. fraction immobile. Data from (A) plotted versus data from (B). No vertical 

error bars are shown for WB and 2RA because only two replicate ATPase measurements were 

taken of these samples. Data show a roughly linear, positive trend, excluding the point from 

SNF2h 2RA (top right quadrant). 

(E) ATPase kcat vs. Keq. Data from (A) plotted versus data from (C). No vertical error bars are 

shown for WB and 2RA because only two replicate ATPase measurements were taken of these 
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samples. Data show a generally positive trend, excluding the point from SNF2h 2RA (top right 

quadrant). 

 

Figure S2. DNA-stimulated ATP hydrolysis rate is negatively correlated with DNA length 

Maximal rates of DNA-stimulated ATP hydrolysis by wild type SNF2h and SNF2h ΔHSS, for 

various lengths of flanking DNA. 500 nM wild type SNF2h + 1 µM DNA (30, 60 or 147 bp); 

800 nM SNF2h ΔHSS + 50-100 µM 30 bp DNA or 15-30 µM 60 bp DNA. Reactions with 30 bp 

DNA are same data as in Figure S1A. Bars are mean ± s.e.m. from three replicates. ATP 

hydrolysis by SNF2h ΔHSS with 147 bp DNA was not determined (n.d.). 

 

Figure S3. Kinetics of HSS-nucleosome FRET in the presence of ATP 

(A) Structural model of dye placement in the HSS-DNA FRET assay. A homology model of 

HSS-DNA complex based on PDB:2Y9Z37 was generated using Phyre268 and manually docked 

onto the nucleosome PDB:1KX570. Positions of Cy3 donor (DNA end, green sphere) and Cy5 

acceptor (A930C, red sphere) dyes are indicated. The location of the 2-base single-strand gap 

is denoted with pink spheres.  

(B) Kinetics of HSS movement on gapped Cy3-20/0 nucleosomes in the presence of ATP. Top, 

schematic of labeled enzyme and nucleosomes used (donor, green sphere; acceptor, red 

sphere). 200 nM Cy3-20/0 gapped nucleosomes were mixed with 1 µM Cy5-SNF2h and 2 mM 

ATP at t = 0 min and fluorescence intensity was monitored over time. Overlay of representative 

traces from experiments monitoring either donor (green) or acceptor (red) fluorescence. 

(C) Comparison of FRET emission ratios (Cy5max/Cy3max) from steady state and kinetic 

experiments. Left, emission ratios from kinetic traces as in (B) at t ≈ 0 min (Initial, mean of first 

five data points) and at steady state (Final; t ≥ 15 min). Right, steady state emission ratios of 

Cy5-SNF2h with the un-gapped Cy3-20/0 nucleosomes, in the presence of ADP or ADP-BeFx, 
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and under the same conditions as (B). Bars are mean ± s.e.m. of three replicates. 

(D) Gel shift nucleosome remodeling assay measuring remodeling of un-gapped Cy3-20/0 or 

40/0 Cy3(+20) nucleosomes by wild type SNF2h. Reactions were peformed under the same 

conditions as FRET assays in (B), (C) and (E), but with unlabeled SNF2h: 1 µM wild type 

SNF2h, 200 nM Cy3-labeled nucleosomes. Reactions were started by the addition of 

nucleosomes, stopped at various time points, and separated by native PAGE.  

(E) Kinetics of HSS movement on gapped 40/0 Cy3(+20) nucleosomes in the presence of ATP, 

presented similarly to (B). Top, schematic of labeled enzyme and nucleosomes used (donor, 

green sphere; acceptor, red sphere). 200 nM 40/0 Cy3(+20) gapped nucleosomes were mixed 

with 1 µM Cy5-SNF2h and 2 mM ATP at t = 0 min and fluorescence intensity was monitored 

over time. Overlay of representative traces from experiments monitoring either donor (green) or 

acceptor (red) fluorescence. 

(F) Comparison of rates of HSS FRET change and gel shift remodeling rates, for Cy3-20/0 and 

40/0 Cy3(+20) nucleosomes. HSS FRET rates were obtained from fitting data as in (B) and (E) 

to a double exponential decay model. Values presented are mean kfast values. Cy3-20/0 value is 

mean ± s.e.m. of three replicates; 40/0 Cy3(+20) value is mean of two replicates, with replicate 

values shown in parentheses. Gel remodeling rates were obtained from raw data in (D) by 

quantifying the fraction of nucleosomes in the end (starting) position, and fitting to a single 

exponential decay model. Values shown are rates from a single experiment. 

 

Figure S4. Kinetic model illustrating conceptual limitations of HSS-DNA FRET 

experiments on gapped nucleosomes 

Schematic representation of the proposed conformational change observed when measuring 

kinetics of FRET between the HSS and flanking DNA on gapped nucleosomes in the presence 

of ATP. The ATPase and HSS domains of SNF2h are depicted in blue and green, respectively. 
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The donor (green) and acceptor (red) dyes are shown as spheres. The location of the single-

strand DNA gap is denoted by a pink line. Single-strand DNA gaps block translocation (ktransloc), 

so the observed rate constant (kobs) is minimally the sum of the forward (k+1) and reverse (k-1) 

rate constants for HSS re-positioning. kobs could also reflect rates of SNF2h dissociating from 

the nucleosome and re-binding (not shown). 

 

Figure S5. Dependence of FRET remodeling rate on ATP and ATPγS 

(A) FRET nucleosome remodeling behavior of SNF2h with varying concentrations of ATP. 

Kinetic traces of 0/60 nucleosomes (5 nM) being remodeled by SNF2h (150 nM) in the presence 

of ATP concentrations ranging from 2 µM to 2 mM. 

(B) Rate constants obtained from fitting data in (A). Data were fit to a two-phase exponential 

model, similar to the one described in Appendix B, but with the terms for the two phases 

reflecting intensity changes in opposite directions (i.e. one positive term, one negative term). kup 

refers to the rate constant for the initial increase in acceptor fluorescence observed with 2-10 

µM ATP. kdown refers to the rate constant for the subsequent decrease in FRET (observed in all 

reactions). Fitting the plot of kdown vs. [ATP] to a simple Michaelis-Menten model yields the 

parameters: kobs,max = 1.7 min-1 and Km = 21 µM. 

(C) FRET remodeling traces as in (A), but in the presence of ATP, ATPγS, or a combination of 

the two. Rate constants obtained from fitting: 2 mM ATP, kobs = 1.7 min-1; 2 mM ATPγS, 

kobs ~ 0.007 min-1; 2 mM ATP + 2 mM ATPγS, kdown = 0.13 min-1. 

(D) FRET remodeling traces as in (A), in the presence of 10 µM ATP or 10 µM ATP + 

2 mM ATPγS. Rate constants obtained from fitting: 10 µM ATP, kdown = 0.56 min-1; 10 µM ATP + 

2 mM ATPγS, not determined. 
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Figure S1. DNA-stimulated ATP hydrolysis and active site
conformational restriction by SNF2h variants
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Figure S2. DNA-stimulated ATP hydrolysis rate is negatively correlated
with DNA length
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Figure S3. Kinetics of HSS-nucleosome FRET in the presence of ATP
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Protein expression and purification 

All SNF2h variants were cloned into pBH4, a pET3-based bacterial expression vector containing 

a TEV-cleavable N-terminal 6xHis tag and linker75. pBH4 was a kind gift from the Lim laboratory 

at UCSF. All constructs were expressed in Rosetta (DE3) E. coli (Novagen). An N-terminal 

epitope tag was necessary for expression in E. coli (data not shown). Cultures were grown to 

OD600 ~0.3-0.5 at 37°C in 2X LB media with 1X NaCl, then switched to 18°C and induced at 

OD600 ~0.65-0.75 with 0.4 mM IPTG. After ~18 hours, cells were harvested, resuspended in 

Prep Buffer (25 mM HEPES pH 8, 300 mM KCl, 7.5 mM imidazole, 10% v/v glycerol, 2 mM β-

mercaptoethanol, 2 µg/mL aprotinin, 1 µg/mL peptstatin A, 3 µg/mL leupeptin,1 mM PMSF) and 

lysed by high pressure with an Emulsiflex-C3 homogenizer (Avestin). Lysates were cleared by 

spinning at 30,000 x g for 30 minutes, and cleared lysates were passed by gravity flow over 

TALON cobalt resin (Clontech) equilibrated in Prep Buffer (3-4 mL resin per 1 L culture). Resin 

was washed with 15-20 bed volumes of Prep Buffer, then bound protein was eluted with 2-3 bed 

volumes of Elution Buffer (25 mM HEPES pH 7.0, 300 mM KCl, 400 mM imidazole, 2mM β-

mercaptoethanol, 2 µg/mL aprotinin, 1 µg/mL peptstatin A, 3 µg/mL leupeptin,1 mM PMSF). 

Affinity-purified proteins were passed over HiTrap Q HP anion exchange columns (1 column per 

3 L culture; GE Lifesciences) pre-equilibrated with SEC Buffer (25 mM HEPES pH 7.5, 300 mM 

KCl, 2 mM β-mercaptoethanol), to remove DNA. Anion exchange flowthrough (containing 

SNF2h) was concentrated, TEV protease was added to a final concentration of 0.075-0.15 

mg/mL, and the mixture was dialyzed overnight into SEC Buffer with 5 mM β-mercaptoethanol. 

Dialyzed proteins were then purified by size exclusion chromatography on a HiLoad Superdex 

200 26/60 column (320 mL bed volume; GE Lifesciences) in SEC Buffer. Relevant fractions 

were pooled, concentrated, dialyzed overnight into Storage Buffer (25 mM HEPES pH 7.5, 210 

mM KCl, 15% v/v glycerol, 2 mM β-mercaptoethanol), flash frozen in liquid N2 and stored at -

80°C. 
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Protein mutants and variants 

Full length, ΔHSS, WB: The full length SNF2h sequence (aa 1-1052) was identical to NCBI 

Accession:NP_003592, except that the N-termini of all constructs contained an additional 

Gly-Ser, left over from TEV protease cleavage. SNF2h ΔHSS contained aa 1-736. SNF2h 

Walker B (WB) mutant was identical to full-length, with the single point mutation E309A.  

 

SpyCatcher and SpyTag fusions: Dimerizable variants of SNF2h (wild type, ΔHSS, WB, and 

WB/ΔHSS) were constructed by appending directly to their C-termini a long, flexible linker (nine 

repeats of a Gly-Gly-Ser tripeptide; (GGS)9 ), followed by the SpyTag peptide or SpyCatcher 

domain59. In order to avoid imposing steric constraints on SNF2h movement, the total length of 

the linker (split between two proteins) was designed to greater than the diameter of the 

nucleosome: 2 x 27 aa linkers x 3.8Å/aa for a fully extended polypeptide of ~205Å, allowing for 

the fact that a randomly coiled peptide will be shorter than this. The amino acid sequences of 

the (GGS)9 linker, SpyTag and SpyCatcher are: 

(GGS)9 linker: 
GGSGGSGGSGGSGGSGGSGGSGGSGGS 

SpyTag: 
AHIVMVDAYKPTK 

SpyCatcher: 
AMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYL
YPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHI 
 
SpyCatcher-mediated dimerization leaves all sequences intact, so dimerized products contained 

the indicated SNF2h variants, plus two (GGS)9 linkers, one SpyTag and one SpyCatcher (linked 

by an isopeptide bond between the Asp and Lys residues shown in bold above). 
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SNF2h sortase substrates: We designed modified SNF2h fragments that, when ligated by S. 

aureus sortase A, reconstitute a full-length SNF2h protein with minor internal mutations. SNF2h 

aa 725-729 were chosen for replacement with the sortase cognate sequence because this site 

is between the HSS and ATPase domains and is poorly conserved between homologs of 

SNF2h. Ligation by sortase requires a C-terminus with the sequence LPETG and an N-terminus 

with one or more N-terminal Gly residues. We therefore created a variant of SNF2h aa1-730 

with the following mutations: 

wild type SNF2h 
723 QKIAFTE-WI 731 
 
SNF2h 1-725sort 
723 QKLPETGGWI 732 
 
The fragment containing the HSS domain (aa731-1052) was modified such that TEV protease 

cleavage left Gly-Gly at its N-terminus, rather than Gly-Ser, making it a better nucleophile for the 

sortase reaction. Ligation with sortase results in replacement of the Gly residues in SNF2h 

1-725sort with those from the HSS-containing fragment. Thus, the product of this sortase 

ligation is a full-length SNF2h protein with the same mutations as those present in SNF2h 

1-725sort above. For experiments with fluorescently labeled HSS domain, the following 

substitutions were made in the HSS-containing fragment: C891S, C957S, C976S, C1001S, 

A930C. 

 

SNF2h mNegC: The region of SNF2h homologous to the NegC region of Drosophila ISWI26 – 

aa617-648 in dISWI; aa669-700 in SNF2h – was identified by Clustal sequence alignment in 

VMD76 and replaced with a flexible linker of equivalent length: 

wild type SNF2h: 
664 SKESEITDEDIDGILERGAKKTAEMNEKLSKMGESSLRNFT 704 

SNF2h mNegC: 
664 SKESEGGSGGSGGSGGSGGSGGSGGSGGSGGSGGSGGRNFT 704 
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SpyCatcher covalent dimerization 

In the SpyCatcher method59, two fragments of a bacterial adhesin (SpyTag and SpyCatcher) are 

expressed as fusion proteins to the dimerization targets of interest. Upon mixing, the fragments 

associate and rapidly form a covalent isopeptide bond between two side chains, irreversibly 

linking the two proteins of interest. SpyCatcher dimers can be formed in any orientation (N-to-N, 

N-to-C, or C-to-C), making this a highly flexible method for systems with steric constraints.  

 

We tested all three possible orientations for SNF2h and found that, while N-to-N and N-to-C 

linkages formed with very poor efficiency (data not shown), C-to-C dimerization was highly 

efficient (Chapter 2, Figure 1D). We therefore used the C-to-C orientation for all dimeric SNF2h 

constructs (Chapter 2, Figure 1B). 

 

SNF2h SpyCatcher and SpyTag constructs (described in the previous section) were expressed 

and purified similarly to other SNF2h variants, with a few modifications. After anion exchange, 

SNF2h SpyCatcher and SpyTag fusions were mixed in equimolar ratios (~20 µM of each 

protein), TEV protease was added to the mixed proteins and they were dialyzed overnight as 

described above. Dimers were separated from monomers by size exclusion chromatography, 

and purified dimers were concentrated, dialyzed into Storage Buffer and frozen as described 

above. Gels of the dimerization and purification process can be found in Chapter 2, Figure 1. 

 

Labeling and sortase-mediated transpeptidation of SNF2h 

Because of the large number of endogenous cysteines in SNF2h, we developed an alternate 

approach for site-specific labeling; we used the sortase A transpeptidase from Staphylococcus 

aureus to ligate Cy5-labeled HSS domain to the rest of the protein66,67 (Chapter 3, Figure 6A). 

The sortase expression plasmid was a gracious gift from Hidde Ploegh. Sortase A was 

expressed recombinantly in E. coli and purified by affinity chromatography. 
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The HSS fragment containing a single cysteine (A930C, described above) was labeled with Cy5 

maleimide as follows: HSS was dialyzed overnight at 4°C into 25 mM HEPES pH 7.5, 150 mM 

KCl, 0.5 mM TCEP. 1 mg Cy5-maleimide (Lumiprobe) was dissolved in 70 µL DMSO. The HSS 

protein (~100 µM) was removed from dialysis and brought to room temperature, then 

reconstituted Cy5-maleimide was added to a final concentration of ~500 µM (5:1 molar ratio 

dye:protein). This mixture was incubated for 15-20 minutes at room temperature, then quenched 

with 5 mM β-mercaptoethanol. To remove free dye, the labeled protein was buffer exchanged 

on a 7k MWCO Zeba Desalting Spin Column (Thermo Scientific) pre-equilibrated in dialysis 

buffer. The protein was then filtered using a 0.22 µm spin filter (Millipore) to remove precipitate.  

 

Sortase-mediated ligation was performed by mixing ~75 µM SNF2h 1-725sort, ~150 µM 

Cy5-labeled HSS (2-fold molar excess over SNF2h 1-725sort), 50 µM sortase A, 150 mM KCl, 

10 mM CaCl2 and incubating 18-24 hours at 4°C. Unligated SNF2h 1-725sort, sortase and 

undesired products were removed by ion exchange chromatography as follows: the reaction 

was diluted at least 10-fold into a mixture of ion exchange buffers (30 mM HEPES pH 7.0, 2 mM 

β-mercaptoethanol, and 50 mM KCl [Buffer A] or 1.5 M KCl [Buffer B]) containing 7% Buffer B 

(the remaining % was made up by Buffer A). Diluted protein was bound to a 5 mL HiTrap SP 

column (GE Lifesciences) pre-equilibrated in 7% Buffer B. The column was washed with 2 

column volumes of 7% Buffer B, then the protein was eluted with 2 column volumes of 20% 

Buffer B. The ion exchange elution (which contained the full-length product and the labeled HSS 

fragment) was then concentrated and separated by size exclusion chromatography on either a 

Superdex 200 10/300 GL column or a HiLoad 26/60 Superdex 200 column (GE Lifesciences) in 

25 mM HEPES pH 7.5, 300 mM KCl, 2 mM β-mercaptoethanol. Fractions eluting after the void 

volume and containing full-length, labeled SNF2h were concentrated, dialyzed into 25 mM 
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HEPES pH 7.5, 300 mM KCl, 15% glycerol, 2 mM β-mercaptoethanol, flash frozen in liquid N2 

and stored at -80°C. Gels of the sortase-mediated ligation reaction and subsequent purification 

can be found in Chapter 3, Figure 6. 

 

Nucleosome labeling and reconstitution 

Mononucleosomes were reconstituted from purified, recombinant histones and PCR products 

containing the 601 positioning sequence as previously described 77,78. Fluorescent DNA labels 

were introduced by PCR with labeled primers (Integrated DNA Technologies, IBA Life Sciences) 

and histone labels were introduced prior to octamer refolding using dye maleimides, similar to 

previously described77.  

 

Nucleosomes with single-strand DNA gaps 

For the experiments in Appendix A with nucleosomes containing single-strand DNA gaps, we 

prepared gapped nucleosomes as follows:  

 

Existing methods for generating single-strand gaps in nucleosomal DNA involve either custom, 

solid phase synthesis, followed by several enzymatic processing steps 27, or annealing of very 

long oligonucleotides 58, neither of which is easily scalable to make large quantities of 

nucleosomal DNA. To overcome these limitations, we developed a method that adds only one 

or two steps to the standard nucleosomal DNA PCR protocol 77, and which is easily scalable to 

make milligram quantities of gapped DNA.  

 

To do this, we first modified the 601 nucleosome positioning sequence 78 to contain cut sites for 

Nb.BsmI and Nt.BspQI single-strand nicking endonucleases (NEB), located 20/21 and 22/23 

bases from the nucleosome dyad. We will refer to the modified sequence as 601g20. A 2-
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nucleotide gap at this location has been shown to effectively inhibit nucleosome sliding by ISWI 

remodelers 27,57. 

601: 
CTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTAC
GCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATAC
ATCCTGT 
 
601g20: 
CTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTTCC’AG*CATTCAAACGCACGTA
CGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATA
CATCCTGT 
 
Mutated bases are highlighted in yellow. The red apostrophe denotes the cut site for Nt.BspQI, 

and the blue asterisk denotes the cut site for Nb.BsmI. Note that these enzymes only cut the top 

strand (shown), not the bottom strand. 

 

Nucleosomal DNAs were produced by PCR as previously described 77, using the 601g20 

plasmid as a template. Briefly, large-scale PCR reactions were performed, then the products 

were ethanol precipitated, purified away from primer by native PAGE, gel extracted and ethanol 

precipitated once more. Gapping reactions were then carried out in 1X NEBuffer 3.1, with 0.5-

0.7 mg/mL DNA and 1 U/µL each of Nb.BsmI and Nt.BspQI. Reactions were incubated at 50°C 

for 20-22 hours, then heat inactivated for 20 minutes at 80°C. Reaction progress was monitored 

by decreased mobility of gapped DNAs in native PAGE (5% polyacrylamide, 1X TBE). Gapping 

of unlabeled DNAs was very efficient (≥95%), and so these DNAs were ethanol precipitated to 

remove protein and then used in nucleosome assembly without any further purification. Gapping 

of Cy3-labeled DNAs was less efficient (~50%), and so native PAGE (5% polyacrylamide, 1X 

TBE) was used to separate gapped from uncut/nicked DNA. Gapped DNA was extracted in TE, 

ethanol precipitated, and then used in nucleosome assembly. 
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Nucleosome remodeling assays 

Native gel shift remodeling assays were performed similar to previously reported29, at 25-30°C 

in Reaction Buffer (12-15 mM HEPES pH 7.5, 70 mM KCl, 0.02% (v/v) Igepal (NP-40), 2-4% 

(v/v) glycerol, 5 mM MgCl2, 2 mM ATP), quenched at various time points with excess ADP and 

plasmid DNA, and separated by native PAGE (5% polyacrylamide, 0.5X TBE). FRET 

remodeling was performed similar to previously reported56,77 at 25°C in Reaction Buffer with 

11% (v/v) glycerol. Experiments were performed in a K2 fluorometer (ISS) with a 550 nm short-

pass excitation filter, 535 nm long-pass emission filter, and excitation and emission 

monochromators set to 515nm and 670nm, respectively. Restriction enzyme accessibility (REA) 

assays were performed similar to previously reported79 at 25°C in Reaction Buffer with 8% (v/v) 

glycerol, 7 mM MgCl2 and 3 U/µL PstI (NEB). At time points, aliquots were quenched with 1% 

(w/v) SDS and 35 mM EDTA, digested with 3.3 mg/mL Proteinase K, and separated by native 

PAGE (10% polyacrylamide, 1X TBE). All reactions were started with the addition of 

nucleosomes. Gels were visualized with SYBR Gold (Life Technologies). 

 

Fits of kinetic data 

Initial rates for gel shift remodeling experiments with excess, saturating nucleosomes 

(Chapter 2, Figure 2E) were obtained by quantifying the centered product band (top) using 

ImageJ 80 and fitting points with less than 20% centered product to a straight line.  

 

Unless otherwise indicated, FRET remodeling data were fit with a two-phase exponential decay 

model: 

€ 

B = Bmin + frac fast * Bmax − Bmin( )*e −k fast *t + 1− frac fast( )* Bmax − Bmin( )*e −kslow *t  

where B is the observed fluorescence intensity, Bmax and Bmin are the maximum and minimum 

fluorescence intensities, respectively, fracfast is the fraction of the total fluorescence change 
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attributed to the fast phase, kfast and kslow are rate constants for the fast and slow phases (min-1), 

and t is time (min). For all FRET remodeling experiments, the fast phase accounted for >70% of 

the observed fluorescence change, so kfast values are reported. 

 

For reactions in which the FRET change was too slow to fit to an exponential decay model (e.g. 

Walker B mutant data in Chapter 2, Figure 4B; and BP mutant nucleosomes in Chapter 4, 

Figure 4A) the total fractional fluorescence change from analogous wild type traces was used to 

estimate the final fluorescence intensity. These slow traces were then fit to a single exponential 

decay model, with the ending fluorescence intensity fixed to the predicted value. 

 

Restriction enzyme accessibility (REA) data were fit using a single exponential model: 

€ 

Y = Ymax 1− e
−kt( )  

where Y is the fraction of DNA cut, Ymax is the maximal fraction of DNA cut, k is the observed 

rate constant (min-1) and t is time (min).  

 

Fluorescent Nucleosome binding assays 

7.5 nM nucleosomes labeled with Cy3 on H4 A15C were incubated with varying concentrations 

of SNF2h for 35-45 minutes at room temperature in 15 mM HEPES pH 7.5, 70 mM KCl, 0.02% 

(v/v) Igepal (NP-40), 3mM MgCl2 and 4% (v/v) glycerol. Reactions with nucleotide contained an 

additional 3 mM MgCl2, 3 mM ADP and (for ADP-BeFx) 3 mM BeCl2 and 15 mM NaF. Reactions 

were assembled in opaque 384-well plates (Corning) and imaged on an Analyst AD platereader 

(Molecular Devices) with a 520 nm bandpass excitation filter, 580 nm bandpass emission filter 

and 561 nm dichroic mirror. 
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Electrophoretic Mobility Shift Assays (EMSA) 

EMSAs (Chapter 3, Figure 1) were performed as follows: nucleosomes (15 nM) were incubated 

with varying concentrations of SNF2h in reaction buffer containing 20 mM HEPES pH 7.5, 70 

mM KCl, 0.02% (v/v) Igepal (NP-40), 6mM MgCl2, 3 mM ADP, ~6% (v/v) glycerol. Reactions 

with ADP-BeFx also contained 3 mM BeCl2 and 15 mM NaF. Complexes were incubated at 

room temperature for 30 minutes, then loaded (8 µL) onto a 3% polyacrylamide, 0.5X TBE 

native gel. Samples were separated by electrophoresis for 50 minutes at 100 V, and then 

imaged by Cy3 fluorescence on a Typhoon Imager (GE Lifesciences). 

 

The intensity of the unbound nucleosome band was quantified using ImageJ 80 and fraction 

unbound was calculated using the following equation: 

€ 

B = Bmax − Bmin( ) 1− Xh

K1/ 2( )h + Xh( )

# 

$ 

% 
% 
% 

& 

' 

( 
( 
( 

+ Bmin  

where B is the observed band intensity, Bmax and Bmin are the intensities when 100% and 0% of 

nucleosomes are bound, respectively, X is the concentration of SNF2h (nM) and K1/2 is the 

dissociation affinity constant (nM). Raw intensity data were then converted to Fraction Unbound 

by normalizing such that Bmin = 0 and Bmax = 1. Fraction Unbound was then converted to 

Fraction Bound: 

€ 

Fraction Bound =  1 -  Fraction Unbound  

and Fraction Bound was then fit to a standard cooperative binding equation to obtain the data 

presented in Figures S2A-S2B. 

€ 

Fraction Bound =
Xh

K1/ 2( )h + Xh( )
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FRET between HSS and nucleosomes 

For Cy3 DNA(+20) and Cy3 DNA(-25) labels: 1 µM Cy5-labeled SNF2h was incubated with 

200 nM 20/0 Cy3-labeled nucleosomes in: 7 mM HEPES pH 7.5, 70 mM KCl, 0.02% (v/v) Igepal 

(NP-40), 7% (v/v) glycerol, 6 mM MgCl2, 3 mM ADP. 

 

Samples were incubated in a quartz cuvette for 5-10 min in the presence of ADP at 25°C, then 

an emission spectrum was measured with excitation at the donor excitation wavelength 

(515 nm). 4 µL BeFx mixture (60 mM BeCl2, 300 mM NaF) was added (to ~3 mM final), followed 

by mixing. Either donor (565 nm) or acceptor (670 nm) emission was monitored over time until 

no further fluorescence change was observed (~10 minutes). Then another emission spectrum 

was measured in the presence of ADP-BeFx. 

 

H2A T11C-Cy3 nucleosomes were treated the same as above, but reactions contained 5 mM 

MgCl2, 2 mM ADP (such that the concentration of free Mg2+ is the same as above), and 2.67µL 

BeFx mixture (same as above) was added to a final concentration of ~2 mM. 

 

For the FRET controls in Chapter 3, Figure 8, mock FRET experiments were performed similar 

to above, but with an additional control reaction containing SNF2h-nucleosome complexes with 

either unlabeled enzyme (Figures 8C and 8E) or unlabeled 20/0 nucleosomes (Figures 8D and 

8F). The analysis of these data and the various FRET calculations used are described in the 

following section. 

 

FRET calculations 

FRET Ratios reported in Chapter 3, Figure 7 were calculated as follows: 

€ 

FRET Ratio =  
Em670

Em565 + Em670
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where Em565 and Em670 are the maximal donor and acceptor emission, respectively, of samples 

excited at the donor excitation wavelength of 515 nm.  

 

To control for any intrinsic change in donor fluorescence as a function of nucleotide state, we 

also calculated FRET efficiency based on the degree of donor quenching in the presence vs. 

absence of the acceptor dye (Chapter 3, Figures 8C and 8E). 

€ 

Donor Quenching =  1 -  
Em565

D

Em565
D+A  

Here, 

€ 

Em565
D  is the donor emission of SNF2h-nucleosome complexes labeled with donor dye 

only (i.e. unlabeled SNF2h plus Cy3-labeled nucleosomes). 

€ 

Em565
D+A is the donor emission of 

complexes containing both donor and acceptor labels (i.e. Cy5-labeled SNF2h plus Cy3-labeled 

nucleosomes). Because the conditions are otherwise identical, a decrease in the donor 

emission of the donor+acceptor complex relative to the donor only complex reflects energy 

transfer due to FRET.  

 

Finally, to correct for the possibility of nucleotide state-dependent changes in direct excitation of 

the acceptor dye at the donor excitation wavelength, we also calculated a corrected FRET Ratio 

by subtracting direct acceptor excitation (Chapter 3, Figures 8D and 8F). 

€ 

Acceptor - Subtracted FRET =  
Em670

D+A −Em670
A

Em565
D+A + Em670

D+A −Em670
A  

€ 

Em670
D+A is the acceptor emission from SNF2h-nucleosome complexes containing both donor and 

acceptor. 

€ 

Em670
A  is the acceptor emission from complexes containing only the acceptor dye (i.e. 

Cy5-labeled SNF2h plus unlabeled nucleosomes). 

€ 

Em565
D+A  is the donor emission from 

complexes containing both donor and acceptor. All measurements were taken with excitation at 

the donor excitation wavelength (515 nm). 
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ATPase assay  

For ATPase experiments reported in Appendix A, ATP hydrolysis was measured using a 

standard, colorimetric enzyme-coupled assay in which NADH is oxidized in proportion to the 

amount of ATP hydrolyzed. Reactions were carried out in clear bottom 384-well plates (Corning) 

at 30°C with 400 nM SNF2h and saturating amounts (2-8 µM) of double-stranded DNA (30, 60 

or 147 bp), in a reaction buffer containing: 15 mM HEPES pH 7.5, 70 mM KCl, 2 mM ATP, 5 

mM MgCl2, 70 mM KCl, 0.02% (v/v) Igepal (NP-40), ~4% (v/v) glycerol, 0.3 mM NADH, 2 mM 

phosphoenolpyruvate, 25U/µL pyruvate kinase (Sigma), 25U/µL lactate dehydrogenase 

(Calbiochem). All components except ATP-Mg were pre-incubated together for 5 minutes at 

30°C, then reactions were started with the addition of ATP-Mg. Disappearance of NADH was 

monitored by measuring absorbance at 340nm in a Flexstation 3 platereader (Molecular 

Devices). The slopes from plots of raw absorbance versus time were converted into rates 

(µM NADH/min) using Beer’s law, using an extinction coefficient of 6220 M-1 cm-1 and a path 

length of 0.5 cm. Because NADH is oxidized in proportion to the amount of ATP hydrolyzed, this 

value also indicates the rate of ATP hydrolysis. Finally, observed rate constants (kobs , min-1) 

were calculated by dividing the rate of ATP hydrolysis (µM/min) by the concentration of enzyme 

(in µM).  

 

Electron paramagnetic resonance (EPR) spectroscopy 

EPR experiments in Appendix A were performed as previously described61. Briefly, reactions 

were assembled under the conditions described in Figure Legends, and measured at room 

temperature on an EMX EPR spectrometer (Bruker Instruments). Spin-labeled (SL) ADP was 

prepared as previously described81. Samples were incubated at room temperature for 5-10 

minutes prior to measurement. EPR spectra were deconvolved into immobile and mobile 

populations as previously described61 to produce the data shown in Appendix A, Figure S1. 
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Statistical analysis and data fitting 

For binding affinity measurements, standard errors and P values were calculated during 

nonlinear regression analysis. All other reported p-values were calculated using Welch’s t-test. 

All data fitting and statistical tests were conducted using Prism (GraphPad Software). 
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